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ABSTRACT
Changes in winter conditions, such as increased temperatures and decreased ice
coverage, have been observed worldwide. The responses of many lake fish populations to
changing winters are projected to be inadequate to counter the speed and magnitude of
climate change. Such environmental changes have been hypothesized to explain the low
recruitment observed in freshwater whitefishes (Salmonidae Coregoninae). My research
focused on measuring the impact changing winter conditions may have on coregonine
reproductive phenology and developmental and morphological traits to better predict
changes in coregonine populations as a result of climate change.
I used experimental incubation methods and modeling to explore how climateinduced changes in water temperature and ice coverage may impact coregonine adults
during spawning and early-life stages within and among species. First, I experimentally
evaluated the response of embryonic development to increasing water temperature for
cisco (Coregonus artedi) from lakes Superior and Ontario, and vendace (C. albula) and
European whitefish (C. lavaretus) from Lake Southern Konnevesi, Finland. Embryo
survival, incubation duration, and length-at-hatch were inversely related to temperature
whereas yolk-sac volume increased with temperature within study groups. However,
responses varied in magnitude among study groups suggesting differential levels of
developmental plasticity. Next, I quantified how cisco embryos from lakes Superior and
Ontario responded to simulated changes in incubation light conditions representing 0-10
(high light), 40-60 (medium light), and 90-100% (low light) ice coverage. Embryo
survival was highest under medium light, and light intensity had no effect on incubation
duration. Increasing light intensity decreased length-at-hatch in Lake Superior but had no
effect in Lake Ontario. Yolk-sac volume was positively correlated with increasing light in
Lake Superior and negatively correlated in Lake Ontario. Contrasting responses between
lakes suggest populations’ response to light is flexible. Furthermore, I analyzed different
embryo incubation temperatures on post-hatching survival, growth, and critical thermal
maximum of larval cisco from lakes Superior and Ontario. Larval survival and critical
thermal maximum were negatively related to temperature, and larval growth was
positively related to temperature. The magnitude of change was greater in Lake Superior
than Lake Ontario for all traits examined, suggesting Lake Superior larvae may possess a
more limited ability to acclimate to and cope with environmental change. Lastly, I used
simulation modeling to investigate changes in reproductive phenology under climaticwarming scenarios for coregonine populations across the Laurentian Great Lakes and
Europe. Models predicted that climate-induced increases in water temperatures may
cause delayed spawning, shorter embryo incubation lengths, and earlier larval hatching.
I quantified how climate change could affect coregonine populations, including
changes in embryo development traits, reduced physiological condition of larvae, and
shifts in reproductive phenology. Climate-induced responses of coregonines to changing
environmental conditions are likely to vary within and among species and with the
magnitude of climate warming. Management strategies that maximize phenotypic
variability could improve the ability of coregonines to cope with environmental change.
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CHAPTER 1: COREGONINE HISTORY AND CLIMATE CHANGE IMPACTS
The Coregonine Concern
Freshwater whitefish, Salmonidae Coregoninae (hereafter coregonines), is a group
of 86 cold, stenothermic fish species that occur throughout northern latitudes.
Coregonines hold great cultural importance throughout their range due to the value of
both their flesh and roe for human consumption. Historically, coregonines were the most
valuable fishery in the waters they inhabited. Sadly, throughout much of their range, a
combination of overfishing, invasive species, and habitat changes led to the collapse of
many coregonine fisheries in the 20th century (Bogue 2001; Nyberg et al. 2001;
Karjalainen et al. 2015). Restoration of these fisheries has been actively occurring
worldwide for several decades.
Unfortunately, failing coregonine populations are not restricted to the past. In
contemporary times, coregonine fisheries worldwide have experienced population
declines due to highly variable and weak year-class strengths (Nyberg et al. 2001;
Vonlanthen et al. 2009; Vonlanthen et al. 2012; Anneville et al. 2015). The underlying
factors implicit in these weak year-classes are unknown, but winter conditions during
embryo incubations and larval hatching are hypothesized to play a role in recruitment
success (Nyberg et al. 2001; Marjomäki et al. 2004; Karjalainen et al. 2015; Lynch et al.
2015; Karjalainen, Jokinen, et al. 2016).
Recent coregonine rehabilitation initiatives have placed an emphasis on assessing
current knowledge of life history and ongoing impediments to population growth (Bronte
1

et al. 2017). Our limited understanding of the ecology and life history of coregonines
restricts the ability of managers to predict the long-term impact environmental factors
may have on coregonine recruitment, growth, and survival. Identifying relationships
between climate-controlled variables such as ice formation and water temperatures and
coregonine early life-history would be an important step toward improving these
restoration efforts worldwide.
A Changing World
Natural systems have been profoundly transformed by human activity since the
1800s (Vitousek 1994), but over the last three decades these changes have accelerated at
unprecedented rates (Walther et al. 2002; Struve 2007; Jane et al. 2020; Woolway et al.
2020). Biodiversity is declining more acutely in freshwater systems than in other
ecosystems (Sala et al. 2000; Strayer & Dudgeon 2010; Tickner et al. 2020). One of the
greatest threats to freshwater systems and biodiversity is climate change and the
unprecedented rise of water temperatures on a global scale (Austin & Colman 2008;
O’Reilly et al. 2015; Maberly et al. 2020; Woolway et al. 2020).
Ectotherms, such as fish, have specific thermal limits and tolerance ranges
(Comte & Olden 2017; Dahlke et al. 2020; Little et al. 2020). Fish that are restricted to
lake systems are particularly vulnerable as they have few, if any, opportunities to migrate
and evade environmental change due to the isolated nature of lakes. The effects of
climate warming on inland fishes are predicted to be highest for spawners, embryos, and
larval fish (Dahlke et al. 2020; Sunday 2020).
2

Understanding fish recruitment variability is a major challenge in fisheries science
(Hjort 1914; Miller et al. 1988; Cushing 1990). Despite nearly a century of research on
coregonines, our understanding of recruitment dynamics is still limited (Marjomäki et al.
2004; Karjalainen et al. 2015; Myers et al. 2015). Stock-recruitment relationships can be
derived from long-term data for many fish species, but how environmental variability can
modify stock-recruitment relationships has been difficult to decipher (Eckmann et al.
1988; Marjomäki 2004; Anneville et al. 2009; Bunnell et al. 2010; Lynch et al. 2015).
Adding a warming climate to this problem makes it even more difficult to solve.
Need to Understand Coregonine Life History
Coregonines are ecologically and morphologically diverse both within species
and among species with similar and contrasting life-history traits (Table 1.1). For
example, Coregonus kiyi occur only in the deepest of the Laurentian Great Lakes,
whereas C. artedi and C. abula, occur throughout North America and Europe,
respectively in a variety of lake types (Eshenroder et al. 2016). This high genetic
diversity is reflected in their morphology and in broad ecological differences among
species (Table 1.1).
Current and past management goals have included fish community restoration,
particularly in the Great Lakes, but management agencies have historically focused
rehabilitation efforts on native piscivore species (Hansen et al. 1995; Selgeby et al. 1995;
Krueger & Ebener 2004) - little emphasis has been placed on the prey fishes (e.g., cisco)
that support most predator populations (e.g., lake trout Salvelinus namaycush; Dryer &
3

Beil, 1964; Stockwell et al., 2009; Zimmerman & Krueger, 2009). However, fishery
managers have recently expressed interest in reestablishing a native forage base in the
Great Lakes to support the critical role native prey fish play in Great Lakes food webs
and energy transfer within the benthic and pelagic communities, with coregonines
broadly serving as the priority group of species (Zimmerman & Krueger 2009; Bronte et
al. 2017).
Recent coregonine rehabilitation initiatives have placed an emphasis on assessing
current knowledge of life history and ongoing impediments to population growth, prior to
implementing restoration plans (Bronte et al. 2017). Our limited understanding of the
ecology and life history of coregonines restricts the ability of managers to predict the
long-term impact environmental factors may have on coregonine recruitment, growth,
and survival. Thus, adaptive management plans are guiding systematic research to better
understand the genetic and ecological basis of coregonines around the globe.
A Better Understanding
For my dissertation, I led a team of collaborators to explore how climate-induced
changes in water temperature and ice coverage may impact coregonine early-life stages
and reproductive phenology. In Chapter 2, my collaborators and I examined the response
of increasing water temperature on coregonine embryonic development. A collaborative
cross-continent and cross-species approach was used to experimentally evaluate the
responses of embryos to increasing incubation water temperatures. The effect of
temperature on coregonines has been previously studied at local scales (John & Hasler
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1956; Colby & Brooke 1973; Luczyński & Kirklewska 1984; Eckmann 1987;
Karjalainen et al. 2015), but these studies are not comparable due to the absence of
standardized methods (e.g., different incubation apparatuses, local water sources, water
flow rates, bacterial and fungicide treatments, etc.), which can influence experimental
results. In this chapter, standardized and reproducible experimental incubation methods
were developed and tested to support the objective of implementing large-scale,
comparative coregonine research and to provide a benchmark for future comparisons.
Cisco from lakes Superior and Ontario (USA/Canada) and vendace and European
whitefish from Lake Southern Konnevesi (Finland) were compared. I analyzed the
temperature responses for embryo survival, incubation period, total length-at-hatch, and
yolk-sac volume at hatching. A resultant manuscript was written and published in
Hydrobiologia.
In Chapter 3, I tested the hypothesis that exposure to elevated light intensity due
to less ice formation decreases cisco embryo survival and accelerates embryogenesis in
the Great Lakes. I used the incubation methods developed in Chapter 2 and simulated
three light treatments to mimic the in situ day-light intensities under 0-10 (high light), 4060 (medium light), and 90-100% (low light) ice coverage throughout embryogenesis.
Cisco from lakes Superior and Ontario were compared and the responses for embryo
survival, incubation period, total length-at-hatch, and yolk-sac volume at hatching were
analyzed. A resultant manuscript was written and published in the Journal of Great Lakes
Research.
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In Chapter 4, I studied how cisco embryo incubation temperatures influenced the
survival and performance of hatching larvae from lakes Superior and Ontario. I reared the
hatched larvae from Chapter 2 in a common environment. Sixty days post-hatch, larvae
were exposed to a thermal challenge to explore the relationship between winter
incubation temperatures and larval thermal tolerance. Larval cisco survival, absolute
growth rates, and critical thermal limits were compared between lakes and across
incubation temperatures. A resultant manuscript was written and in peer review with the
Journal of Great Lakes Research.
In Chapter 5, my collaborators and I modelled the interactions between climaticwarming scenarios and changes in reproductive phenology of coregonine populations
across North America and Europe. Using temperature-dependent embryo development
models, I examined how three projected climate-forcing pathways (RCP 2.6, 4.5, and 8.5;
IPCC, 2014) may change coregonine spawning times and period length, embryo
development rates, and the time and period length of hatching. The predicted changes in
reproductive phenology were compared for cisco from two populations in Lake Superior
(Apostle Islands and Thunder Bay) and one from Lake Ontario, vendace from Lake
Southern Konnevesi, and European whitefish in lakes Constance (Germany), Geneva
(France), Bourget (France), and Annecy (France). A resultant manuscript is in
preparation.
Overall, my research explored the influence temperature and ice conditions have
on early-life stage coregonines and the predicted future impact warming may have on
coregonine reproductive phenology. I explored multiple spatial scales, from localized
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within the Great Lakes to cross-continent comparisons using field, laboratory, and
modeling approaches. My research uncovered that coregonines are adapted to local
environmental conditions. Based on these findings, I suggested ways that we might
expect coregonine populations to respond to changing climates.
Climate change compounds the uncertainty of fisheries management. Projections
estimate that up to one-third of species worldwide will go extinct by 2050 with no change
in greenhouse gas emissions (IPCC 2014). These changes are likely to devastate coldwater lake fish communities and the ecosystem services they support. Climate-driven
changes in habitat and fish communities may be inevitable for some lakes, but
documenting known sources of uncertainty from published literature, ecological
knowledge, and trait-based analyses is a critical component to assessing the specific
future vulnerability of lake fish species. To this end, expanding conventional perspectives
and thinking outside of the lake to explore novel approaches will improve coregonine
restoration efforts.
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Abstract
The greatest known global response of lakes to climate change has been an
increase in water temperatures. The responses of many lake fishes to warming water
temperatures are projected to be inadequate to counter the speed and magnitude of
climate change. We experimentally evaluated the responses of embryos from a group of
cold, stenothermic fishes (Salmonidae Coregoninae) to increased incubation
temperatures. Study groups included cisco (Coregonus artedi) from lakes Superior and
Ontario (USA), and vendace (C. albula) and European whitefish (C. lavaretus) from
Lake Southern Konnevesi (Finland). Embryos from artificial crossings were incubated at
water temperatures of 2.0, 4.5, 7.0, and 9.0°C, and their responses were quantified for
developmental and morphological traits. Embryo survival, incubation period, and lengthat-hatch were inversely related to incubation temperature whereas yolk-sac volume
increased with incubation temperature within study groups. However, varying
magnitudes of responses among study groups suggested differential levels of
developmental plasticity to climate change. Differential levels of parental effects indicate
genetic diversity may enable all study groups to adapt to cope with some degree of
changing environmental conditions. Our results suggest that the coregonines sampled
within and among systems may have a wide range of embryo responses to warming
incubation conditions.
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Introduction
Freshwater lakes are sensitive to climate change (Jenny et al. 2020; Woolway et
al. 2020), and one of the greatest threats to lakes from climate change on a global scale is
rising water temperatures (Austin & Colman 2007; O’Reilly et al. 2015; Maberly et al.
2020; Woolway et al. 2020). The greatest seasonal increase in water temperature of
seasonally ice-covered lakes is projected to take place during the spring (Schindler et al.
1990; Winslow et al. 2017), concurrent with expected seasonal increases in air
temperature during winter in the northern hemisphere (Christensen et al. 2007; Sharma et
al. 2019). Such changes are likely to challenge aquatic organisms with life-history traits
that include critical life stages during the winter-to-spring transition in these regions.
Warming spring water temperatures and increases in the length of the frost-free
season can prolong annual growing seasons for aquatic organisms through warmer
summers, longer and warmer autumns, and shorter ice-cover duration (Sharma et al.
2019; Sharma et al. 2020). Temperature is an abiotic master factor for aquatic ecosystems
because water temperature directly affects the physical and chemical properties of water,
and phenology, reproductive events, metabolic rates, growth, and survival of aquatic
organisms (Fry 1964; Brett 1979; Gillooly et al. 2002; Brown et al. 2004; Ohlberger et al.
2007; Busch et al. 2012; Cline et al. 2013; Little et al. 2020). The responses of many lake
organisms to climate-derived changes in lake ecology are projected to be inadequate to
counter the speed and magnitude of climate change, leaving some species vulnerable to
decline and extirpation (Hoffmann & Sgrò 2011). These pressures present challenges for
biodiversity conservation and sustainability of ecosystem services. To navigate
15

challenges, a foundational understanding of the primary threats to aquatic ecosystems and
organisms across a range of spatial scales from local to global is needed (Vörösmarty et
al. 2010; Halpern et al. 2015; Langhans et al. 2019).
The effects of increasing temperature on lake fishes are predicted to lead to
declines in cold-water species and increases in warm-water species (Comte et al. 2013;
Hansen et al. 2017). Species that possess narrow optimal thermal ranges, live near their
thermal limits, or have long development times at cold temperatures are at-risk under
warming climate scenarios as temperature can have strong direct and indirect effects at
early-life stages (Blaxter 1991; Pepin 1991; Ficke et al. 2007; Mari et al. 2016; Lim et al.
2017; Dahlke et al. 2020). Unlike their marine counterparts, most freshwater fishes are
restricted to their lake system, where their ability to evade the effects of climate change is
impeded due to the isolated nature of lakes (Ficke et al. 2007). The ability of lake fish
populations living close to their upper thermal limits to respond either through
physiological adaptation or physiological plasticity will be required if species are to
persist under increasingly stressful thermal conditions (Somero 2010; Woolsey et al.
2015; Howells et al. 2016). Additionally, the amount of genetic variability within a
population may constrain the ability to cope with environmentally-induced changes (i.e.,
phenotypic plasticity; Schindler et al., 2010, 2015; Somero, 2010).
Freshwater whitefishes, Salmonidae Coregoninae (hereafter coregonines), are of
great socio-economic value (Nyberg et al. 2001; Ebener et al. 2008; Vonlanthen et al.
2009; Vonlanthen et al. 2012; Lynch et al. 2015; Lynch et al. 2016), and are also
considered to be critically sensitive to the effects of climate change because they are cold,
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stenothermic fishes (Stockwell et al. 2009; Elliott & Bell 2011; Jeppesen et al. 2012;
Isaak 2014; Jonsson & Jonsson 2014; Karjalainen et al. 2015; Karjalainen, Jokinen, et al.
2016). Coregonine fisheries worldwide have experienced population declines due to
highly variable and weak year-class strengths (Nyberg et al. 2001; Vonlanthen et al.
2012; Anneville et al. 2015; Myers et al. 2015). In the 20th century, causes of decline
included fishing and stocking practices (Anneville et al. 2015) and eutrophication causing
poor incubation conditions (Müller 1992; Vonlanthen et al. 2012). Today, in the northern
hemisphere, the trophic state of lakes and fisheries management practices are improving,
but coregonines continue to be the focus of reintroduction, restoration, and conservation
efforts in many lakes (Favé & Turgeon 2008; Zimmerman & Krueger 2009; Bronte et al.
2017). Reasons for declining recruitment are unknown, but climate change, increasing
water temperatures, and habitat degradation are hypothesized as the main causal factors
(Nyberg et al. 2001; Marjomäki et al. 2004; Jeppesen et al. 2012; Anneville et al. 2015;
Karjalainen et al. 2015; Karjalainen, Jokinen, et al. 2016).
Coregonines generally spawn during late-autumn, embryos incubate over winter,
and hatch in early- or late-spring (Stockwell et al. 2009; Karjalainen et al. 2015). The
time between fertilization and hatching is inversely related to water temperature (Colby
& Brooke 1970; Colby & Brooke 1973; Luczyński & Kirklewska 1984; Pauly & Pullin
1988; Karjalainen, Jokinen, et al. 2016). Rising spring water temperatures (e.g., > 4°C)
trigger hatching of autumn-spawned coregonine embryos (Häkkinen et al. 2002; Urpanen
et al. 2005; Karjalainen et al. 2015). The length of the newly-hatched larvae is negatively
correlated with the temperature of incubation (Colby & Brooke 1970; Colby & Brooke
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1973; Luczyński & Kirklewska 1984; Karjalainen et al. 2015). The long period between
spawning and hatching exposes coregonines to a variety of thermal conditions,
potentially resulting in a wide range of environmentally-induced phenotypes or plastic
responses (Karjalainen et al. 2015; Karjalainen, Jokinen, et al. 2016; Karjalainen,
Urpanen, et al. 2016). Coregonines are known to be behaviorally and developmentally
plastic (Muir et al. 2013) and some species (e.g., vendace Coregonus albula and
European whitefish C. lavaretus) can respond to short- and long-winter conditions within
the limits of phenotypic plasticity and through genetic adaptive changes, such as different
embryo developmental rates (Karjalainen et al. 2015; Karjalainen, Jokinen, et al. 2016).
Geographic variation is also important to consider with phenotypic plasticity.
Many fishes in high-latitudes are adapted to relatively colder waters, extensive periods of
ice cover, and strong seasonal daylight variations (Reist et al. 2006). Thus, high-latitude
populations can show differential long-term adaptation to climates, compared to lowlatitude population, across a latitudinal gradient (Conover & Present 1990; Yamahira &
Conover 2002; Chavarie et al. 2010; Wilder et al. 2020). For example, a number of fishes
have demonstrated an inverse relationship between length of the growing season and
reproductive characteristics (i.e., countergradient variation; Conover & Present, 1990;
Conover & Schultz, 1995; Schultz et al., 1996, 1998; Billerbeck et al., 2000; Jonassen,
2000; Yamahira & Conover, 2002; Chavarie et al., 2010). Fishes at high latitudes
experience lower temperatures overall and shorter growing seasons and should exhibit
lower standard metabolic rates, growth rates, and smaller size-at-age than individuals at
low latitudes (Reist et al. 2006; White et al. 2012). However, for cold-water stenothermic
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fishes, water temperatures at low latitudes may exceed their optimal range for significant
portions of the growing season, or the amount of optimal thermal habitat decrease, while
water temperatures at high latitudes may remain near the optimum for maximal growth
efficiency throughout the growing season (Conover & Schultz 1995). Because water
temperature has a great influence on fish physiology and varies across latitudes, a wide
range of adaptive responses by populations to increasing temperatures across latitudes is
possible (Reist et al. 2006). However, in the absence of genetic information, phenotypic
changes are difficult to distinguish as genetically based or the result of phenotypic
plasticity (Merilä & Hendry 2014; Fox et al. 2019). Large-scale experimental studies
across geographic regions can aid our understanding of the role of phenotypic plasticity
relative to adaptive evolution by leveraging long-term adaptations to distinct geographic
locations and environments (Hoffmann & Sgrò 2011; Merilä & Hendry 2014; Fox et al.
2019). Coregonines occur broadly across northern latitudes and are an ideal group to test
how cold-water lake fishes may respond to climate-driven shifts in environmental
variables, such as water temperature.
Our objective was to compare the reaction norms of coregonine embryos within
and among species from multiple sampling locations across North America and Europe to
a standardized thermal gradient during incubation. We hypothesized that coregonines
have differential levels of phenotypic plasticity in developmental and morphological
traits of embryos in response to warming winter incubation conditions based on putative
adaptation to their local environments. We predicted coregonines that share the same
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thermal environment respond similarly and geographically distinct groups with different
thermal environments respond dissimilarly to increasing incubation temperatures.
Methods
Study Species and Locations
We used a cross-lake, cross-continent, cross-species approach to evaluate
the responses and thermal tolerances of coregonine embryos to changing thermal
regimes. Wild-caught populations of cisco (C. artedi) in Lake Superior (LS-Cisco;
USA/Canada) and Lake Ontario (LO-Cisco; USA/Canada), and vendace (LK-Vendace)
and European whitefish (LK-Whitefish) in Lake Southern Konnevesi (Finland; Figure
2.1) were sampled.
Cisco is one of the most widespread of the North American species of
coregonines (Eshenroder et al. 2016) and were one of the most abundant fish in the Great
Lakes (Yule et al. 2013). Cisco is found in north-central to eastern United States and
throughout most of Canada, with the lower Great Lakes close to its southernmost extent
(Scott & Crossman 1973). Cisco spawning is initiated when water temperatures decrease
to 4-5°C in late-autumn (Pritchard 1931; Eshenroder et al. 2016) and occurs at different
spawning depths. Spawning can occur at depths of 1-5 m in Lake Ontario (Pritchard
1931; Paufve 2019) and 10-64 m in Lake Superior (Dryer & Beil 1964; Paufve 2019).
Experimental thermal optima for normal cisco embryo development is between 2 and
8°C (Colby & Brooke 1970; Brooke & Colby 1980). However, temperature data at
historical spawning grounds indicate that in-situ incubations typically occur between 1
and 4°C, with Lake Ontario warmer than Lake Superior (Figure 2.2; unpublished data).
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Optimal growth and upper lethal temperatures for cisco adults are estimated to be 18° and
26°C, respectively (Edsall & Colby 1970; McCormick et al. 1971; Jobling 1981).
Vendace and European whitefish are widely distributed in Northern Europe
(Sipponen et al. 2006). Vendace spawning is initiated when water temperatures decrease
to 6°C at the end of October in Lake Southern Konnevesi and lasts 2-3 weeks
(Karjalainen & Marjomäki 2018). European whitefish spawn 2-3 weeks later in
November when water temperatures decrease to 4-5°C (Karjalainen et al. 2015).
Spawning of vendace occurs in the littoral and sublittoral zone of lakes and eggs
dispersed widely at depths less than 20 m (Heikkilä et al. 2006; Karjalainen et al. 2021).
Whitefish are known to spawn at shallower depths than vendace. Embryos are incubated
at 1-2°C until the beginning of April, when water temperatures have gradually increased,
and hatching peaks after ice-out at 4-6°C (Figure 2.2, Karjalainen et al., 2015). Although
whitefish spawn later than vendace, their hatching occurs at the same time or slightly
earlier than vendace (Karjalainen et al. 2015). Optimal growth and upper lethal
temperatures for adults are estimated to be 18° and 27°C for immature vendace and 18°
and 29°C for European whitefish, respectively (Tapaninen et al. 1998; Vielma et al. 2002;
Siikavuopio et al. 2012).
Adult Collections
Adults were sampled using multi-mesh gillnets (51-89 mm stretched mesh) in
Lake Superior (46.85°, -90.55°), trap nets in Lake Ontario (44.05°, -76.20°), and seines
(vendace) and multi-mesh gillnets (European whitefish; 27-35 mm knot to knot mesh) in
Lake Southern Konnevesi (62.58°, 26.58°). Adult field collections occurred during
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coregonine spawning periods for Lake Ontario and Lake Superior. On Lake Southern
Konnevesi, adults were collected prior to spawning and held in aquaculture pools with
water fed directly from the lake until spawning was initiated. Demographic data (e.g.,
total length, mass, and egg diameter) were collected on sampled adults. All sampling,
fertilization, and experimental work for study groups on each continent were conducted
at a single laboratory in North America (University of Vermont (UVM), USA) and
Europe (University of Jyväskylä (JYU), Finland). Experiments were performed during
the 2018-19 season in Finland and the 2019-20 season in the USA.
For clarity, our operational use of a study group is to represent a single species
haphazardly sampled from a single location within a single lake (e.g., cisco from the
Apostle Islands region in Lake Superior). Our sampling efforts represent a single location
within large lakes and likely do not capture all possible genetic variation within a species
or population.
Crossing Design and Fertilization
Eggs and milt were stripped from 12 females and 16 males from each study group
and artificially fertilized under a blocked, nested full-sib, half-sib fertilization design to
create a maximum of 48 full-sibling families nested within half-siblings per group. The
crossing design maximized the amount of genetic variation and minimized the potential
loss of multiple families if a female or male produced poor quality gametes, for a given
total number of families, compared to a full-factorial design. Adults used in the
experiment were divided into three or four fertilization blocks. A single block consisted
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of four males each paired to three females, where all offspring of a given female were full
siblings. Fertilizations were performed block by block to ensure germ cell survival.
Approximately 200 eggs per female were fertilized with an equal amount of milt
(5-15 μl) from each male in the block. After the addition of milt, water was added to
activate the germ cells and gently mixed for one minute. The embryos were rinsed with
water 2-3 times until the water was clear. Temperature of the water used during all
fertilizations was ca. 4°C. Reconstituted freshwater medium (International Organization
For Standardization 6341, 2012) was used during fertilizations to standardize the
chemical properties of the water used among study groups and between labs. Embryos
were transported in coolers either by shipping overnight for Lake Superior or driven
same-day for Lake Ontario. A temperature logger (HOBO® Water Temperature Pro v2)
recorded air temperature inside the cooler during transport [Lake Superior: mean (SD) =
2.80°C (0.21); Lake Ontario: mean (SD) = 3.28°C (0.37)]. No embryo transport was
required for Lake Southern Konnevesi. Fertilization success was determined by
haphazardly taking 10 embryos from each family and assessing under microscopy within
72-hours post-fertilization (Oberlercher & Wanzenböck 2016). If fertilization was low
(<30%), the family was removed from the experimental setup.
Rearing Conditions
Embryos from successfully fertilized families were individually distributed into
24-well cell culture microplates and incubated in 2 ml of reconstituted freshwater.
Reconstituted freshwater was used during incubation to maintain sterility, prevent
bacterial growth in the wells, and eliminate the need for fungicide treatments on the
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embryos. A total of 36 embryos per family were used for Lake Southern Konnevesi
species and 48 embryos per family for each of Lake Ontario and Lake Superior cisco.
Families were randomly distributed across three or four microplates (i.e., 12 eggs per
family per microplate and two families per 24-well microplate). Microplates from each
study group were incubated at target constant temperatures of 2.0 (coldest), 4.5 (cold),
7.0 (warm), and 9.0°C (warmest) and randomly placed in climate-controlled chambers at
UVM (Memmert® IPP260Plus) and climate-controlled rooms at JYU (Huurre®). The
range of experimental incubation temperature treatments was chosen to mimic in-situ
mean temperatures and to exceed optimum embryonic development temperatures. Forced
airflow was used in both the climate-controlled chambers and rooms to ensure equal air
circulation around the microplates. All microplates were covered to minimize
evaporation. Microplate orientation and position were rotated weekly to eliminate any
temperature heterogeneity within the chambers and rooms. HOBO® TMCx-HD
temperature probes were used at UVM to record water temperatures hourly in 50-ml
beakers placed inside each climate chamber, while Escort iMini temperature loggers were
used directly inside the well of a subset of microplates for each temperature treatment at
JYU. Daily mean water temperatures were calculated. Incubations took place in the dark,
with the exception of short (< 60 mins) maintenance periods. Microplates were checked
weekly for dead eggs and the eye-up stage. During the hatch period, microplates were
checked on a two-day cycle for newly hatched larvae. For cisco, all newly hatched larvae
were photographed for developmental and morphological traits (Nikon® D5600 and
Nikon® AF-S DX 18-55mm lens). Egg size, total length, and yolk-sac axes were
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measured from images using Olympus® LCmicro. For Lake Southern Konnevesi, the
larvae were preserved in ethanol at hatch and flushed and soak in distilled water for 15
min before measuring the total length and fresh mass under the microscope (Karjalainen
1992).
Mean water temperature during incubations was maintained near the target
incubation temperature for the cold and warm treatments at each lab. Mean incubation
water temperatures for the cold and warmest treatments were lower than the target
incubation temperature at JYU, but not at UVM (Table 2.1).
Developmental and Morphological Traits
Embryo survival was estimated as the percent of embryos surviving between the
eye-up and hatch stages to rule out unfertilized eggs which can bias survival estimates.
Incubation period was assessed by two variables: the number of days from fertilization to
hatching (days post-fertilization; DPF) and the sum of the degree-days (accumulated
degree-days; ADD). Total length-at-hatch (mm) and yolk-sac volume (YSV; mm3) were
measured from five individuals per family at, or as close as possible to, 50% hatching for
each family. Yolk-sac volume was calculated assuming the shape of an ellipse (Blaxter &
Hempel 1963):
=

,

6

where a = length of the yolk sac (mm) and b = height of the yolk sac (mm).
Statistical Analyses and Estimation of Variance Components
Embryo survival was analyzed as a binomial response variable, and incubation
period, length-at-hatch, and yolk-sac volume at hatching as continuous response
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variables. Early embryo mortality and variable fertilization success induced from
fertilization failure produced inequalities in the number of offspring among families. The
sample size for incubation period is a function of embryo survival and subsequently
resulted in an unbalanced design. All non-proportional data were checked visually for
approximate normality using histograms and Q-Q plots before the analysis with
parametric models. A cubic transformation was applied to LAH for cisco and a cubic root
transformation was applied to DPF, ADD, and YSV to normalize the distributions.
Therefore, binary data (i.e., embryo survival) were analyzed with binomial generalized
linear mixed-effects models (LMM) and transformed variables (i.e., DPF, ADD, LAH,
and YSV) were analyzed with restricted maximum likelihood LMMs with the lme4
package v.1.1-26 (Bates et al. 2015). To eliminate any confounding effects between
continents, cisco from lakes Superior and Ontario were analyzed independently from
vendace and European Whitefish from Lake Southern Konnevesi. Population (for cisco
only), species (for Lake Southern Konnevesi only), and incubation temperature were
included as fixed effects and female, male, family (female and male combination),
microplate, and fertilization block as random effects. Because embryos were raised
independently, the replication unit in the statistical models is the individual embryo.
Although incubation temperature was treated as a fixed variable based on our
experimental design (i.e., few treatment levels with high replication), we acknowledge
that temperature is a continuous, independent variable in nature. All traits were examined
for population or species, depending on the continent, and incubation temperature effects
in addition to individual parental effects (female, male, and family effects), microplate,
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fertilization block, and all possible interactions with backward, stepwise effect-selection
using the buildmer package v.1.7.1 (Voeten 2020). The maximal model for each trait was
selected by comparing a model including or lacking the term of interest to the reference
model based on changes in log-likelihood, Akaike information criterion, Bayesian
information criterion, and change in explained deviance. Significance values for the
mixed-effects model parameters (i.e., population, species, incubation temperature,
interaction effects, and any random-effects selected) were determined using a likelihood
ratio test between the maximal model and reduced models with the model parameter of
interest removed (Myers et al. 1995; Luke 2017). All statistical tests used ɑ = 0.05 to
determine significance.
To allow for interspecific comparisons, the response to temperature for each trait
was standardized to the optimal temperature for each study group. Based on literature
data (cf. above), the coldest incubation temperature treatment (2.0°C and 2.2°C; Table
2.1) was assumed to be the optimal incubation temperature. For each trait, the withinfamily mean was calculated for each temperature treatment and the percent change from
the optimal temperature estimated. Standard error was calculated as the among-family
variation in percent change.
The phenotypic variance components were partitioned into random effects for
female, male, female x male, and unexplained or random residual variance components
using mixed-effects models with the fullfact package v.1.3 (Houde & Pitcher 2016) for
each study group and incubation temperature treatment. Negative variance components
were treated as zero (Neff & Pitcher 2005). The percent of total phenotypic variation was
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used to calculate the Pearson correlation coefficient between each variance component
and the increase in incubation temperature for each study group. A threshold of ±0.7 (i.e.,
an R2 of 0.49) was used to categorize correlations either positive or negative, with all
values in between as no correlation. European whitefish from Lake Southern Konnevesi
were removed from this analysis due to a low embryo survival and a low number of
families.
All analyses were performed in R version 4.0.3 (R Core Team 2021).
Results
Spawning Adults
Total lengths and fresh mass of spawning adults used for gamete collection varied
widely among study groups (Table 2.2). LK-Vendace were notably smaller than all other
study groups. The remaining study groups varied less in size, but LK-Whitefish were
smaller than LS-Cisco and LO-Cisco.
The LK-Vendace females had the smallest egg diameters and LO-Cisco females
had the largest egg diameters among the study groups (Table 2.3). LK-Whitefish and LSCisco egg diameters were similar (Table 2.3).
Developmental and Morphological Traits and Variance Components
All cisco traits had significant interaction effects between population and
incubation temperature (maximum P < 0.001; Tables 2.4 and 2.5). All vendace and
European whitefish traits had significant interaction effects between species and
incubation temperature (maximum P = 0.002; Tables 2.4 and 2.5). The interaction effects
precluded any interpretation of main effects but did suggest different norms of reaction
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for the model groups. Below we describe the interaction effects. All random effects (i.e.,
female, male, and female x male) were significant (maximum P = 0.038) except male for
LAH and female x male for LAH and YSV in cisco (Tables 2.4 and 2.5). All statistical
model results can be found in Tables 2.4 and 2.5.
Embryo Survival
Embryo survival was highest among all study groups at the coldest temperature
and lowest at the warmest temperature (Figure 2.3). The effect of temperature for cisco
depended on population because embryo survival was higher for LO-Cisco (99.3%) than
LS-Cisco (80.0%) at the coldest temperature but not different between populations
(difference < 0.1%) at the warmest temperature (Figure 2.3). For Lake Southern
Konnevesi, the effect of temperature depended on species because the difference in
embryo survival between LK-Vendace and LK-Whitefish was less pronounced at the
coldest temperature (29.0%) than at the warmest temperature (50.5%; Figure 2.3). LKVendace and LK-Whitefish embryo survival had a differential temperature response as
LK-Whitefish had a greater decrease (74.4%) than LK-Vendace (17.7%) from the coldest
to warmest incubation temperatures. LK-Whitefish had the strongest, decreasing response
to increasing incubation temperatures compared to all other study groups (Figure 2.3).
In the phenotypic variance component analysis, the residual error was the largest
component of phenotypic variation in embryo survival (means > 55.2%) for all study
groups (Figure 2.4, Table A.1). The mean female variance had the highest percentage,
excluding error, of the phenotypic variation in embryo survival for LK-Vendace (17.4%),
LS-Cisco (24.1%), and LO-Cisco (19.9%; Figure 2.4, Table A.1). The female variance
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component correlations for embryo survival had either negative or no correlations to
increasing temperature; however, male and error variances had positive and no
correlations suggesting that as the female component decreases at higher temperatures the
importance of the male component and error increases (Table 2.6).
Incubation Period (days post-fertilization)
The number of days post-fertilization to hatching was highest for all study groups
at the coldest temperature and decreased as temperature increased (Figure 2.3). For cisco,
DPF was higher for LO-Cisco (179.2 days) than LS-Cisco (154.3 days) at the coldest
temperature and the difference between populations was less pronounced at the warmest
temperature (difference = 5.0 days; Figure 2.3). For Lake Southern Konnevesi, the effect
of temperature depended on species because the difference in DPF between LK-Vendace
and LK-Whitefish was less pronounced at the coldest temperature (8.9 days) than at
warmest temperature (27.3 days; Figure 2.3). All study groups had similar responses to
temperature, with between 54.2 to 68.3% decreases in DPF from the coldest to warmest
treatments. However, LS-Cisco, LO-Cisco, and LK-Whitefish had a greater decrease in
DPF (66.1, 68.3, 65.3%, respectively), than LK-Vendace (54.2%; Figure 2.3).
In the phenotypic variance component analysis, the residual error was the largest
component of phenotypic variation in DPF (means >60.8%) for LK-Vendace and LSCisco (Figure 2.4, Table A.2). The mean female variance was the largest phenotypic
variation component in DPF for LO-Cisco (47.1%). LK-Vendace and LS-Cisco had
similar mean female variances for DPF across all temperatures, with 28.1 and 21.0%,
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respectively (Figure 2.4, Table A.2). The DPF correlations for female effect had a
negative response to temperature for LS-Cisco and LO-Cisco (Table 2.6).
Incubation Period (accumulated degree-days)
Accumulated degree-days were highest for all study groups at 6.9°C (Figure 2.3).
The effect of temperature for cisco depended on population because ADD was higher for
LO-Cisco (531.9 and 547.7 ADD) than LS-Cisco (461.0 and 492.5 ADD) at the cold and
warm temperatures, respectively, and the differences between populations were less
pronounced at the coldest and warmest temperatures (differences = 49.2 and 41.3 ADD,
respectively; Figure 2.3). LS-Cisco and LO-Cisco ADD responded similarly to increasing
incubation temperature. For Lake Southern Konnevesi, the effect of temperature
depended on species because the difference in ADD between LK-Vendace and LKWhitefish was less pronounced at the coldest temperature (7.7 ADD) than at the warm
temperature (198.1 ADD; Figure 2.3). LK-Vendace and LK-Whitefish ADD had a
differential temperature response as LK-Vendace had a greater increase (198.4%) than
LK-Whitefish (159.4%) from the coldest to warm treatment. LK-Vendace had the
strongest, increasing response to increasing incubation temperatures compared to all
other study groups (Figure 2.3).
In the phenotypic variance component analysis and correlations, ADD had a
similar response as DPF among all study groups as the data only had a different
temperature scaling factor (Figure 2.4, Tables A.3 and 2.6).
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Length-at-Hatch
All study groups had a common, decreasing response in LAH as temperature
increased (Figure 2.5). For cisco, LAH was higher for LO-Cisco (11.32 and 9.75 mm)
than LS-Cisco (10.21 and 8.68 mm) at the coldest and warmest temperatures,
respectively, and the difference between populations was less pronounced at the cold and
warm temperatures (differences = 0.99 and 0.90 mm, respectively; Figure 2.5). LS-Cisco
and LO-Cisco responded to increasing incubation temperature with a 15.9 and 13.8%
respective decrease in LAH from the coldest to warmest treatments. For Lake Southern
Konnevesi, the effect of temperature depended on species because the difference in LAH
between LK-Vendace and LK-Whitefish was more pronounced at the cold and warm
temperatures (2.73 and 2.72 mm, respectively) than at the coldest and warmest
temperatures (2.68 and 2.61 mm, respectively; Figure 2.5). LK-Vendace and LKWhitefish each responded similarly to temperature with a 9.0 and 9.2% respective
decrease in LAH from the coldest to warmest treatments. LS-Cisco and LO-Cisco LAH
had a stronger, decreasing response to increasing incubation temperatures than LKVendace and LK-Whitefish (Figure 2.5).
In the phenotypic variance component analysis, the residual error was the largest
component of phenotypic variation in LAH (means >49.2%) for all study groups (Figure
2.4, Table A.4). The mean female variance had the highest percentage, excluding error,
of the phenotypic variation in LAH for LK-Vendace (40.6%), LS-Cisco (38.2%), and
LO-Cisco (17.1%; Figure 2.4, Table A.4). The LAH correlations for each study group
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had a similar response to temperature with negative or no female and male correlations
and positive or no female x male correlations (Table 2.6).
Yolk-sac Volume
Yolk-sac volume was highest for all study groups at 9.0°C and decreased as
temperature decreased (Figure 2.5). For cisco, the difference in YSV was similar between
populations at the warmest incubation temperature (0.04 mm3) but diverged as incubation
temperature decreased; YSV in LO-Cisco (0.40 mm3) was smaller than LS-Cisco (0.64
mm3) at the coldest temperature (Figure 2.5). Yolk-sac volume in LS-Cisco and LOCisco responded differently to incubation temperature, with a 203.6 and 311.0%
respective increase from the coldest to warmest treatment. For Lake Southern Konnevesi,
the effect of temperature depended on species because the difference in YSV between
LK-Vendace and LK-Whitefish was less pronounced at the coldest temperature (0.20
mm3) than at the warmest temperature (1.07 mm3; Figure 2.5). LK-Vendace and LKWhitefish had the strongest response to temperature with an increase in YSV of 445.0
and 536.6% from the coldest to warmest treatment, respectively. LK-Vendace and LKWhitefish had a stronger, increasing response to increasing incubation temperatures in
YSV than LS-Cisco and LO-Cisco (Figure 2.5).
In the phenotypic variance component analysis, the residual error was the largest
component of phenotypic variation in YSV (means >53.9%) for all study groups (Figure
2.4, Table A.5). The mean YSV female variance was the highest percentage, excluding
error, of the phenotypic variation for LK-Vendace (23.9%), LS-Cisco (20.5%), and LOCisco (23.9%; Figure 2.4, Table A.5). The YSV correlations for female, female x male,
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and error variance components had differential responses to temperature with positive
female, positive female x male, and negative error correlations for LK-Vendace, while
LS-Cisco had inverse correlations to LK-Vendace (Table 2.6). All LO-Cisco variance
components had no correlation to temperature (Table 2.6).
Discussion
Our incubation experiments demonstrated both similar and dissimilar reaction
norms to temperature for developmental and morphological traits in coregonines. First,
we found different responses to temperature in embryo survival within and among study
groups. Second, incubation periods (both DPF and ADD) responded similarly to
increasing temperature (negative response for DPF and positive response for ADD)
among study groups, however, LK-Vendace had the strongest response and longest
incubations across all temperatures. Third, all study groups had similar negative
responses to temperature for LAH and positive responses in YSV, with the strongest
responses for LAH in LS-Cisco and LO-Cisco and for YSV in LK-Vendace and LKWhitefish. Lastly, differential levels of parental effects were found within and among
study groups and traits.
Embryo survival had an overall negative correlation with increasing temperature
among all study groups. However, cisco and vendace had different levels of response to
temperature compared to European whitefish. LK-Whitefish embryo survival had the
strongest, negative response to temperature (74.4% survival loss) and all other study
groups were impacted less (< 26% survival loss) by increasing temperatures.
Temperature is a strong driver of coregonine embryo development (Karjalainen et al.
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2015) and survival (Colby & Brooke 1970; Brooke & Colby 1980; Luczyński &
Kirklewska 1984) but study groups showed different levels of sensitivity to increased
incubation temperatures reflecting specific physiological adaptations.
Additionally, our experiment, temperature aside, provided near-optimal
incubation conditions to individually reared embryos and these conditions are idealized
compared to what occurs in the wild. For instance, embryos in the wild are deposited on
the substratum and are exposed to deposited sediment that can impact survival (Müller
1992). Interaction between temperature and sediments are likely, and temperature
increases may act as a catalyzer of embryo sensitivity to sediment stress (Mari et al.
2016; Mari et al. 2021). Even though temperature did negatively impact embryo survival
in our experiment, the effect of temperature in the wild, in combination with other
factors, could be even stronger. Similarly, both study groups from North America
required transportation, which could have had negative effects on embryo survival. Lake
Superior had a greater transportation distance and time than Lake Ontario, which could
explain some of the difference observed in embryo survival between the two study
groups. Lake Ontario embryos had > 99% survival at optimal temperatures which
suggests that transportation did not impact them.
The longer incubation periods from LK-Vendace and LK-Whitefish and strong
response to increasing temperatures, even at the warmest incubation temperatures,
support previous findings that vendace and European whitefish from Lake Southern
Konnevesi have a high degree of developmental flexibility (Karjalainen et al. 2015). The
different response between vendace and European whitefish was likely due to species35

specific differences (Karjalainen et al. 2015) and ecotypes (i.e., benthic versus pelagic;
Mcphee et al., 2012). Additionally, the different magnitude of temperature responses
among all study groups suggests a differential level of developmental plasticity to
increasing incubation temperatures among species and locations. Long, relatively cold
incubations may require a shorter period of spring warming for individuals to initiate
hatching, while short, relatively warm incubations may require a longer period of warmer
spring conditions to hatch (Karjalainen et al. 2015). If winter water temperatures rise as
embryos incubate, the ability to match optimal spring nursery conditions may be
weakened (Cushing 1990; Karjalainen et al. 2015; Myers et al. 2015). Populations that
are more resilient to increasing or variable winter incubation temperatures may have a
better opportunity to regulate ontogeny and adjust the time of hatching.
Fish spawning strategies are variable, ranging in frequency from daily to once in a
lifetime and in timing from the same time each year to across all seasons (McBride et al.
2015). For many species, spawning strategies and breeding patterns are constrained by
the adult body condition, gonadogenesis, and the environment (Jørgensen et al. 2006; van
Damme et al. 2009; Muir et al. 2014; McBride et al. 2015). In this context, the short
duration of cisco embryo incubation periods when exposed to high temperatures was
notable. High-latitude populations typically spawn earlier in autumn and may have the
opportunity to delay spawning later into the season, while still providing an adequate
incubation period for embryo development, if water temperatures continue to rise and do
not inhibit ovulation as a result of climate change. However, low-latitude coregonine
populations already spawn in late-autumn and early-winter (Stockwell et al. 2009;
36

Eshenroder et al. 2016), which begs the question: do low-latitude populations have
capacity to spawn later in the winter if temperatures continue to rise? Winter spawning
may lead to less vulnerability to contemporary climate change. For instance, Atlantic
herring (Clupea harengus) have both autumn- and winter-spawning stocks in the North
Sea that share the same summer feeding grounds and start oocyte development at the
same time (van Damme et al. 2009). Similarly, coregonines can exhibit varying spawning
strategies.
Sympatric coregonine species with autumn, winter, and spring-spawning stocks
co-occur in several northern- and central-Eurasian lakes (Eronen & Lahti 1988; Schulz &
Freyhof 2003; Schulz et al. 2006; Ohlberger et al. 2008) and allopatric spring-spawning
stocks of cisco are found in Lac des Écorces (southwestern Quebec; Pariseau et al., 1983;
Hénault & Fortin, 1989, 1991). Winter and spring spawners continue oocyte development
through autumn which results in a lower number of larger eggs compared to the autumnspawning stocks (Eronen & Lahti 1988; Hénault & Fortin 1991). Oocyte development is
driven by body energy content, and winter- and spring-spawning stocks may give
iteroparous females the chance to mitigate the disproportionate energy demand toward
somatic growth during the summer when metabolic demands are higher. Consequently,
changes in the environment and the condition of an individual spawning adult could
affect future coregonine spawning strategies. Our results suggest that the cisco embryos
examined may not have the developmental plasticity to mitigate the effects of increased
water temperatures on incubation period. In this context, adjusting the time of spawning
may be a more efficient long-term life-history strategy than the embryos adapting to
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increased temperatures. Research on the reproductive plasticity of coregonine adults (e.g.,
changes to fecundity of females and size of eggs from temperature) in the face of climate
change is a logical next step.
Lake morphology is also important to consider for the question of a winter- or
spring-spawning adaptation; deeper lakes could sufficiently provide cold thermal refuges
at greater depths if suitable spawning habitat is available and level of oxygen sufficient
(Jane et al. 2020). Spring-spawning ciscos in Lac des Écorces, where a 4°C summer
stratum does not exist, initiate spawning when spring water temperatures reach 6°C at
depths ranging from 20-30 m (Hénault & Fortin 1989; Hénault & Fortin 1991). This
strategy of spawning in deeper, colder water allows for normal embryogenesis throughout
the summer to mitigate high water temperatures during the summer period at shallow
depths. Model projections of suitable thermal and oxythermal habitat for cisco indicate
deeper and less eutrophic lakes will likely provide the best cold-water habitat as water
temperatures and land uses change (Jacobson et al. 2010; Herb et al. 2014; Schmitt et al.
2020). While deep lakes may possess acceptable thermal refugia for coregonines, access
to and requirements for suitable spawning and incubation habitat is unknown for most
populations.
In addition to lower survival and shorter incubations as temperature increases, we
also found both similar and different responses to temperature in morphological traits
(i.e., length-at-hatch and yolk-sac volume) among study groups. The dissimilarity in
morphological traits among study groups is likely related to different egg sizes at
fertilization. Smaller eggs will produce smaller larvae, requiring a lower growth and
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development rate and less demand on maternal yolk than larger eggs. The demand for
yolk and egg size are positively related and temperature during embryogenesis is
positively related to metabolic rate (Hodson & Blunt 1986; Kamler 2008). In all groups,
LAH slightly decreases with increasing temperatures. In LK-Vendace and LK-Whitefish,
however, YSV increases more strongly with temperature, than in cisco. This suggests a
higher yolk conversion efficiency across all temperatures in LK-Vendace and LKWhitefish than in cisco. All study groups had a decrease in YSV with time as basal
metabolism consumed yolk as a function of the length of incubation. Regardless of the
mode, our results suggest a synergistic relationship among species, location, egg size,
incubation period, and incubation temperature in determining the phenotype of LAH and
YSV.
The trade-off between LAH and YSV is well documented in larval fish
physiology (Blaxter 1991). Climate change impacts may only exacerbate the importance
of each morphological trait in determining either a match or mismatch between larval
coregonines and their zooplankton prey. While our experiments used constant incubation
temperatures due to logistical constraints, the impact different spring warming rates can
have on the time of hatching and the size of larvae should not be ignored. Lake Southern
Konnevesi vendace and European whitefish previously exhibited flexibility in embryo
development rates and feeding windows under different warming scenarios (Karjalainen
et al. 2015). Such complex responses challenge our ability to predict the downstream
impacts changing autumn, winter, and spring water temperatures may have on embryo
and larval phenotypic plasticity.
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Traits of embryos depend not only on species, population, and incubation
temperature but also on parental and transgenerational effects (Blaxter & Hempel 1963;
Blaxter 1991; Kekäläinen et al. 2018). Our results suggest that both female and male
effects controlled a portion of early-stage offspring trait phenotypes in coregonines. The
variability in phenotypes induced by parental effects can provide more flexibility for a
population to cope with changing inter-annual environmental conditions, prevent full
year-class failure, and ensure population persistence (Wright & Trippel 2009; Oomen &
Hutchings 2015; Karjalainen, Jokinen, et al. 2016). In fishes, the female effect is usually
more pronounced than male and female x male interaction effects, and is stronger in traits
directly related to egg size (Nagler et al. 2000; Kennedy et al. 2007; Huuskonen et al.
2011), and our results support this conclusion. Residual error estimates, however,
remained high. Intersexual selection and mate pairing has been proposed as an important
component affecting coregonine offspring fitness (Wedekind et al. 2008; Huuskonen et
al. 2011; Karjalainen & Marjomäki 2018), and may play a role in conserving natural
biodiversity within populations (Anneville et al. 2015). The long-term stability of
commercially exploited stocks, which can experience fisheries-induced evolution, has
been linked to population diversity (Schindler et al. 2010; Freshwater et al. 2019).
Spawning stocks that comprise individuals of variable sizes and ages (e.g., portfolio
effect; Schindler et al., 2010) may contribute differently to spawning, offspring
performance, and recruitment (Luck et al. 2003; Figge 2004), and are likely an important
consideration as the rapid rate of climate change adds additional stressors on populations.
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The methods we used provide reproducible experimental conditions (e.g., uniform
water source between laboratories, no moving water, minimal embryo disturbance, etc.)
and standardized results that can be compared to future experiments that examine
temperature responses across a wider range of populations. Additionally, efforts to
include more northerly populations of cisco from Canada were thwarted due to
restrictions on transport of live embryos across an international border. This further
highlights the importance of the standardized experimental methods we used to allow for
future large-scale, cross-laboratory experiments. However, our results do suggest that
some form of latitudinal variation is likely present and promote fruitful opportunities for
future large-scale experimental research on coregonines and other cold, stenothermic
fishes.
Additionally, interpreting the impacts of parental responses within an
environmental context continues to be important to determine how parental effects may
mitigate species’ responses to rapid climate change. The existence of varying parental
responses raises questions concerning possible causal mechanisms. Genomic studies will
be needed to better understand what is genetically impacted by increasing temperatures,
how it is impacted, and when during development (i.e., when is temperature most critical;
Narum et al., 2013; Chen et al., 2018). A mechanistic understanding of thermal response
from populations across latitudes will be essential to predict the vulnerability of species
and populations to climate change. Furthermore, incorporating phylogenetic contrasts
would highlight the shared phylogenetic history and genetic architecture among our study
groups and aid future comparative studies examining phenotypic traits across species and
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genera (Garland et al. 2005). This study does contain species from the same genus, but
species are either reproductively isolated on different continents (i.e., cisco and vendace)
or are distinct ecotypes (i.e., vendace and European whitefish). Moreover, stocking
practices are important to consider, including supportive breeding, and may affect the
adaptive potential of populations through an artificial selection process (Ford 2002;
Christie et al. 2012; Anneville et al. 2015) and their ability to respond to environmental
changes.
Conclusion
Water temperature is fundamental in regulating fish physiology, and
environmental variation during development can play a large role in generating
variability in offspring through phenotypic plasticity (Little et al. 2020). How
coregonines respond during the critical embryonic stage is important to determine
whether the capacity to respond to climate change and the projected increases in their
incubation temperatures exists. Knowing how populations have adapted historically to
environmental variability will help us understand the range of possible responses to
climate change and assist managers to keep coregonines out of hot water.
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Table 2.1: Mean (SD) water temperatures during embryo incubations at the
University of Vermont (UVM) and University of Jyväskylä (JYU).
Incubation Temperature Treatment (°C)
Laboratory

2.0
Coldest

4.5
Cold

7.0
Warm

9.0
Warmest

UVM

2.0 (0.5)

4.4 (0.2)

6.9 (0.2)

8.9 (0.3)

JYU

2.2 (1.5)

4.0 (0.7)

6.9 (0.5)

8.0 (0.6)

56

Table 2.2: Mean (SD) total length (TL) and fresh mass (FM) of the female and
males from Lake Southern Konnevesi [LK-Vendace (Coregonus albula) and LKWhitefish (C. lavaretus)], Lake Superior [LS-Cisco (C. artedi)], and Lake Ontario (LOCisco).
LK-Vendace

LK-Whitefish

LS-Cisco

LO-Cisco

Sex

TL (mm)

FM (g)

TL (mm)

FM (g)

TL (mm)

FM (g)

TL (mm)

FM (g)

Female

144.67
(16.51)

18.36
(5.95)

256.57
(11.63)

117.00
(19.16)

428.92
(44.40)

676.02
(181.51)

380.33
(24.18)

567.59
(122.89)

Male

140.83
(9.22)

13.85
(2.27)

285.75
(40.86)

171.34
(87.22)

400.25
(34.35)

523.82
(134.65)

366.56
(25.30)

443.29
(103.16)
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Table 2.3: Mean (SD) egg diameter of females with the number of eggs measured
(N) from Lake Southern Konnevesi [LK-Vendace (Coregonus albula) and LK-Whitefish
(C. lavaretus)], Lake Superior [LS-Cisco (C. artedi)], and Lake Ontario (LO-Cisco).
Population

Egg Diameter (mm)

N

LK-Vendace

1.58 (0.11)

273

LK-Whitefish

2.13 (0.12)

70

LS-Cisco

2.14 (0.12)

140

LO-Cisco

2.30 (0.08)

240
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Table 2.4: Likelihood ratio test output for each model selected for embryo
survival and incubation period [number of days post-fertilization (DPF) and accumulated
degree days (°C; ADD)] from lakes Superior and Ontario cisco (Coregonus artedi) and
Lake Southern Konnevesi vendace (C. albula) and European whitefish (C. lavaretus).
The full model that was selected is bolded for each trait and species.

Trait

Species

Embryo
Survival

Cisco

Effect
df
Tested

Model
t + pop + t:pop + family + female

t

3

443.54

< 0.001

t + family + female

pop

1

600.61

< 0.001

t + pop + family + female

t:pop

3

198.56

< 0.001

t + pop + t:pop + female

family 1

181.47

< 0.001

female 1

23.36

< 0.001

t

3

223.54

< 0.001

sp

1

993.43

< 0.001

t + sp + family + female

t:sp

3

52.94

< 0.001

t + sp + t:sp + female

family 1

1042.9

< 0.001

t + sp + t:sp + family

female 1

1015.8

< 0.001

t + pop + t:pop + family + female + male
pop + family + female + male

t

3 31,183.13 < 0.001

t + family + female + male

pop

1

t + pop + family + female + male

t:pop

3

315.04

< 0.001

t + pop + t:pop + female + male

family 1

58.62

< 0.001

t + pop + t:pop + family + male

female 1

65.04

< 0.001

male

1

14.22

<0.001

t

3

sp

1

904.95

t + sp + family + female + male

t:sp

3

353.67

< 0.001

t + sp + t:sp + female + male

family 1

13.55

< 0.001

t + sp + t:sp + family + male

female 1

36.07

< 0.001

t + sp + t:sp + family + female

male

1

4.77

0.029

pop + family + female + male

t

3 15,519.48 < 0.001

t + pop + t:pop + family + female
Vendace & t + sp + t:sp + family + female + male
European
sp + family + female + male
Whitefish
t + family + female + male

Incubation Cisco
Period
(ADD)

p-value

pop + family + female

t + pop + t:pop + family
Vendace & t + sp + t:sp + family + female
European
sp + family + female
Whitefish
t + family + female

Incubation Cisco
Period
(DPF)

χ2

3,651.86 < 0.001

7,178.37 < 0.001
< 0.001

t + pop + t:pop + family + female + male
t + family + female + male

pop

1

t + pop + family + female + male

t:pop

3

137.36

< 0.001

t + pop + t:pop + female + male

family 1

54.58

< 0.001

t + pop + t:pop + family + male

female 1

63.20

< 0.001
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3,586.18 < 0.001

t + pop + t:pop + family + female

male

1

t

3

sp

1

763.19

< 0.001

t + sp + family + female + male

t:sp

3

466.23

< 0.001

t + sp + t:sp + female + male

family 1

12.70

< 0.001

t + sp + t:sp + family + male

female 1

36.79

< 0.001

t + sp + t:sp + family + female

male

4.33

0.038

Vendace & t + sp + t:sp + family + female + male
European
sp + family + female + male
Whitefish
t + family + female + male

t indicates temperature, pop indicates population, and sp indicates species
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1

15.34

< 0.001

3,571.72 < 0.001

Table 2.5: Likelihood ratio test output for each model selected for length-at-hatch
(mm) and yolk-sac volume (mm3) from lakes Superior and Ontario cisco (Coregonus
artedi), Lake Southern Konnevesi vendace (C. albula), and Lake Southern Konnevesi
European whitefish (C. lavaretus). The full model that was selected is bolded for each
trait and species.

Trait

Species

Length- Cisco
at-Hatch

Vendace &
European
Whitefish

Yolk-sac Cisco
Volume

Vendace &
European
Whitefish

Effect
Tested

Model

df

χ2

p-value

t + pop + t:pop + female
pop + female

t

3

886.79

< 0.001

t + female

pop

1

628.15

< 0.001

t + pop + female

t:pop

3

19.03

< 0.001

t + pop + t:pop

female

1

161.40

< 0.001

sp + family + female

t

3

467.20

< 0.001

t + family + female

sp

1

2091.33 < 0.001

t + sp + t:sp + family + female

t + sp + family + female

t:sp

3

14.49

0.002

t + sp + t:sp + female

family

1

13.83

< 0.001

t + sp + t:sp + family

female

1

48.81

< 0.001

pop + female

t

3

t + female

pop

1

t + pop + t:pop + female
1,163.87 < 0.001
246.56

< 0.001

t + pop + female

t:pop

3

99.25

< 0.001

t + pop + t:pop

female

1

410.42

< 0.001

sp + family + female

t

3

980.02

< 0.001

t + family + female

sp

1

805.34

< 0.001

t + sp + family + female

t:sp

3

107.58

< 0.001

t + sp + t:sp + female

family

1

33.33

< 0.001

t + sp + t:sp + family

female

1

6.96

0.008

t + sp + t:sp + family + female + male

t indicates temperature and pop indicates population.
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Table 2.6: Phenotypic variation component correlation directions from increasing
incubation temperature for embryo survival (%), incubation period (number of days postfertilization; DPF), incubation period (accumulated degree-days; ADD), length-at-hatch
(mm), and yolk-sac volume (mm3) from Lake Southern Konnevesi vendace [LK-Vendace
(Coregonus albula)], Lake Superior cisco [LS-Cisco (C. artedi)], and Lake Ontario cisco
(LO-Cisco).
Correlation Direction
Trait
Embryo
Survival

Incubation
Period (DPF)

Study Group
LK-Vendace

Yolk-sac
Volume

Male
+

Female:Male
0

Error
+

LS-Cisco

-

0

0

0

LO-Cisco

0

+

0

+

LK-Vendace

0

0

+

0

LS-Cisco

-

0

0

0

LO-Cisco

-

0

0

+

0

-

+

0

-

0

0

0

LO-Cisco

-

-

0

+

LK-Vendace

0

-

+

0

LS-Cisco

-

0

0

0

LO-Cisco

-

0

+

0

LK-Vendace

+

0

+

-

LS-Cisco

-

+

-

+

LO-Cisco

0

0

0

0

Incubation
LK-Vendace
Period (ADD) LS-Cisco
Length-atHatch

Female
-

- indicates a negative correlation, + indicates a positive correlation, and 0
indicates no correlation.
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Figure 2.1: Map showing the location of each lake (LS = Lake Superior; LO =
Lake Ontario; LK = Lake Southern Konnevesi) sampled in North America (A) and
Europe (B).
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Figure 2.2: Winter water temperatures from Lake Southern Konnevesi, Lake
Superior, and Lake Ontario. Lake Southern Konnevesi and Lake Superior data were
recorded using in-situ sensors on the lakebed (10-m deep). Lake Ontario data was
recorded using remote sensing sea surface temperatures. X indicates ca. spawning and O
indicates ca. hatching. The earlier spawning (X) in Lake Southern Konnevesi indicates
vendace (Coregonus albula) and latter for European whitefish (C. lavaretus).
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Figure 2.3: Mean embryo survival (%) and incubation period [number of days
post-fertilization (DPF) and accumulated degree days (°C; ADD)] at each incubation
temperature (°C; left) and standardized temperature responses within each study group
(%; right) from Lake Southern Konnevesi [LK-Vendace (Coregonus albula) and LKWhitefish (C. lavaretus)], Lake Superior [LS-Cisco (C. artedi)], and Lake Ontario (LOCisco). Error bars indicate standard error.
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Figure 2.4: Mean percent of total phenotypic variation across incubation
temperatures for embryo survival, incubation period [number of days post-fertilization
(DPF) and accumulated degree days (°C; ADD)], length-at-hatch (mm), and yolk-sac
volume (mm3) from Lake Southern Konnevesi vendace [LK-Vendace (Coregonus
albula)], Lake Superior cisco [LS-Cisco (C. artedi)], and Lake Ontario cisco (LO-Cisco).
Error bars indicate standard error.
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Figure 2.5: Mean length-at-hatch (mm; LAH) and yolk-sac volume (mm3; YSV)
at each incubation temperature (°C; left) and standardized temperature responses within
each study group (%; right) from Lake Southern Konnevesi [LK-Vendace (Coregonus
albula) and LK-Whitefish (C. lavaretus)], Lake Superior [LS-Cisco (C. artedi)], and
Lake Ontario (LO-Cisco). Error bars indicate standard error.
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Abstract
Changes in winter conditions, such as decreased ice coverage and duration, have
been observed in the Laurentian Great Lakes for more than 20 years. Such changes have
been hypothesized to be linked to low Coregonus spp. survival to age-1 as most cisco
(Coregonus artedi) populations are autumn spawners whose embryos incubate under ice
throughout the winter. The quantity of light during winter is regulated by ice coverage,
and light affects embryo survival and development in some teleosts. We experimentally
evaluated how cisco embryos from lakes Superior and Ontario respond to three light
treatments that represented day-light intensity under 0-10, 40-60, and 90-100% ice
coverage. Embryonic response measures included two developmental factors (embryo
survival and incubation period) and two morphological traits (length-at-hatch and yolksac volume). Embryo survival was highest at the medium light treatment and decreased at
high and low treatments for both populations, suggesting cisco may be adapted to
withstand some light exposure from inter-annual variability in ice coverage. Light
intensity had no overall effect on length of incubation. Increasing light intensity
decreased length-at-hatch in Lake Superior but had no effect in Lake Ontario. Yolk-sac
volume was positively correlated with increasing light in Lake Superior and negatively
correlated in Lake Ontario. Contrasting responses in embryo development between lakes
suggests differences in populations’ response to light is flexible. Our results provide a
step towards better understanding the high variability observed in coregonine recruitment
and may help predict what the future of this species may look like under current climate
trends.
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Introduction
Freshwater whitefishes, Salmonidae Coregoninae (hereafter coregonines) play
important economic (Ebener et al. 2008) and ecological (Nyberg et al. 2001; Lynch et al.
2010; Stockwell et al. 2014) roles throughout the northern hemisphere, but populations
have declined over the past century (Eshenroder et al. 2016). Historical coregonine
declines were attributed to overfishing, invasive species, habitat alterations, and
competition (Anneville et al. 2009; Stockwell et al. 2009; Rosinski et al. 2020). More
recently, coregonine populations worldwide have experienced declines due to highly
variable recruitment and low survival to age-1 (Nyberg et al. 2001; Lepak et al. 2017;
Parks & Rypel 2018) which have been associated with climate-induced changes in earlylife stage environments (Nyberg et al. 2001). However, an underlying mechanism
between changing lake environments and coregonine year-class strength has yet to be
established.
Year-class strength in most fish species, including coregonines, is thought to be
established prior to the end of the first season of growth (Hjort 1914; Cushing 1990;
Karjalainen et al. 2015). Most coregonines are autumn spawners whose embryos incubate
under ice throughout the winter (Karjalainen et al. 2000; Stockwell et al. 2009). Embryos
are static, which leaves them vulnerable to predation (Stockwell et al. 2014) and unable
to evade detrimental changes in winter environmental conditions (Pepin 1991). Changes
in winter conditions, such as decreased ice coverage and duration, that have been
observed around the northern hemisphere over the past 20+ years (Austin & Colman
2007; O’Reilly et al. 2015; Sharma et al. 2019), could alter developmental rates, embryo
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survival, and time of hatching (Karjalainen et al. 2015). Potential mechanisms by which
ice coverage influences coregonine embryonic development include reduced physical
wave action (Walter et al. 2006; Austin & Colman 2007; Wang et al. 2010; Nguyen et al.
2017), stabilized winter and spring water temperatures (Magnuson et al. 1997; Winslow
et al. 2017), and the amount of sunlight reaching the lake bottom (Bolsenga &
Vanderploeg 1992; Hampton et al. 2015).
Photoperiod is the most consistent abiotic factor in nature (Ruchin 2020) and can
regulate fish development phenology, behavior, and physiology (Ruchin 2007;
Villamizar et al. 2011). The length of photoperiods characterize circadian rhythms and
ensure that biological processes are synchronized with the environment (Marchesan et al.
2005; Gaston et al. 2013; Ruchin 2020). In seasonally ice-covered lakes, winter lake light
levels are regulated by ice coverage and snow depth (Bolsenga & Vanderploeg 1992;
Hampton et al. 2015). Ice can reduce light transmittance to 62% under clear ice, and to ≤
10% under snow covered ice (Bolsenga & Vanderploeg 1992).
Salmonid embryos incubated under elevated light levels had higher mortality and
deformity rates, slower formation of cartilaginous skeletal elements, decreased time to
hatching, smaller size-at-age, and accelerated development after organogenesis (Eisler
1958; Eisler 1961; MacCrimmon & Kwain 1969; Kwain 1975; Chernyaev 2007).
However, other teleosts (e.g., turbot Scophthalmus maximus, Atlantic halibut
Hippoglossus hippoglossus, brown-marbled grouper Epinephelus fuscoguttatus) exhibit
opposite responses, or no response, to manipulated light illumination during incubation
(Iglesias et al. 1995; Mangor‐Jensen & Waiwood 1995; Seth et al. 2014; Ruchin 2020).
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To our knowledge, no previous work has examined the effects of light on coregonine
embryos from North America.
We experimentally evaluated how cisco (Coregonus artedi) embryos responded
to different photoperiod intensities, as a proxy for different ice coverages. We
hypothesized that exposure to elevated light intensity (a proxy for low ice coverage)
decreases embryo survival and accelerates embryogenesis, resulting in earlier hatching,
larger yolk-sac volume, and shorter length-at-hatch. Our objective was to identify the
extent to which light influences cisco embryo survival, incubation duration, and length
and yolk-sac volume at hatching. We expected populations adapted to lower light levels
(high ice coverage) would experience a greater magnitude of change as light intensity
increases.
Methods:
Ethics
All work described here was approved for ethical animal care under University of
Vermont’s Institutional Animal Care and Use Committee (Protocol #
PROTO202000021).
Study Species and Locations
Mature cisco were collected from the Apostle Islands, Lake Superior (46.85°, 90.55°) and Chaumont Bay, Lake Ontario (44.05°, -76.20°) in December 2019. Lake
Superior cisco were collected at an open lake location at depths between 15 and 50 m.
Lake Ontario cisco were collected in a shallow, protected bay on rocky shoals at depths
between 2 to 5 m. Egg deposition has been confirmed in Chaumont Bay (George et al.
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2017; Paufve et al. 2020). No direct evidence of spawning has been observed in Lake
Superior and thus we are using the presence of ripe adults at our collection location as a
proxy for a spawning location. We acknowledge that spawning and the embryo
incubation location could be different, but previous literature suggests that spawning in
Lake Superior occurs at depths of 30-200 m (Dryer & Beil 1964; Stockwell et al. 2009;
Eshenroder et al. 2016). Historical (1973-2020) ice conditions over the sampled
spawning locations varied between lakes with the shallower, more protected Lake
Ontario spawning site having more consistent ice coverage (i.e., relative percent of
surface area within a reference grid covered by ice) between January and March than the
deeper, open location in Lake Superior (Figure 3.1). Remotely-sensed vectors (i.e.,
SIGRID-3) produced by the North American Ice Service
(https://usicecenter.gov/Products/GreatLakesData) were used to extract the daily
percentage of ice coverage above each sampling location. The different spawning habitats
provide a contrast in light levels that coregonine embryos from each population would
naturally experience because maximum light availability decreases with depth (Secchi
1864; Ramus et al. 1976; Preisendorfer 1986; Fleming-Lehtinen & Laamanen 2012) and
winter light availability is further restricted by ice and snow conditions (Bolsenga &
Vanderploeg 1992; Hampton et al. 2015).
Crossing Design and Fertilization
Our experimental design is fully described in Stewart et al. (2021). Briefly,
gametes were stripped from 12 females and 16 males from each lake and artificially
fertilized to create 48 families from each lake. Reconstituted freshwater medium
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(International Standards Organization 6341, 2012) was used during fertilizations and
rearing to standardize the chemical properties of the water used between lakes. Embryos
were transported to the University of Vermont-Burlington in coolers by overnight
shipping for Lake Superior samples and driven the same day for Lake Ontario samples. A
temperature logger recorded air temperature inside the transport cooler [Lake Superior:
mean (SD) = 2.80°C (0.21); Lake Ontario: mean (SD) = 3.28°C (0.37)]. Total length,
mass, and egg diameter were collected from the spawned adults. Fertilization success was
determined by assessing 10 haphazardly selected embryos under microscopy
(Oberlercher & Wanzenböck 2016). If fertilization was low (<30%), the family was
removed from the experiment.
Rearing Conditions
Embryos were individually distributed into 24-well cell culture microplates and
incubated in 2 ml of reconstituted freshwater (Stewart, Mäkinen, et al. 2021). A total of
36 embryos were used for each Lake Ontario and Lake Superior cisco family. Families
were randomly distributed across three microplates (i.e., 12 eggs per family per
microplate resulting in two families per 24-well microplate).
Microplates from each population were incubated under three light treatments that
represented day-light intensity under 0-10 (low, 0.6 ± 0.1 μmol m-2 s-1), 40-60 (medium,
3.9 ± 1.9 μmol m-2 s-1), and 90-100 % (high, 6.2 ± 1.0 μmol m-2 s-1) ice coverage (Table
3.1) and followed mean weekly photoperiods with gradual sunrise and sunset transitions.
Light intensities for each treatment were chosen to mimic in situ winter, lakebed light
measurements that were previously recorded with a photometer (JFE Advantech Co., Ltd.
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DEFI2-L) from Lake Superior (46.97°, -90.99°) at 10 m of water in 2016-17. No light
intensity measurements were taken from Lake Ontario. Remotely-sensed vectors (i.e.,
SIGRID-3) produced by the North American Ice Service
(https://usicecenter.gov/Products/GreatLakesData) were used to extract the daily
percentage of ice coverage above the light sensor (Figure 3.2). Embryos were incubated
at a constant target water temperature of 4.0°C in a climate-controlled chamber
(Conviron® E8; Table 3.2). Forced airflow was used in the climate-controlled chamber to
ensure equal air circulation around the microplates and opaque, plastic sheeting was used
to separate light treatments. Microplates were covered with transparent lids to minimize
evaporation and rotated (i.e., orientation and position within the incubator) weekly. Water
temperature and light intensity were recorded hourly with loggers (HOBO® Water
Temperature Pro v2 and JFE Advantech Co., Ltd. DEFI2-L) and daily mean values
calculated (Table 3.1). During the hatch period, microplates were checked on a three-day
cycle for newly hatched embryos. All hatched embryos were photographed ventrally
(Nikon® D5600 and Nikon® AF-S DX 18-55mm lens) and then immediately preserved in
95% ethanol. Egg size at fertilization, total length-at-hatch, and post-hatching yolk-sac
axes were measured from photographed images using Olympus® LCmicro.
Developmental and Morphological Traits
Embryo survival was estimated as the percent of embryos surviving between eyeup and post-hatch stages. Incubation period was assessed with two variables: the number
of days from fertilization to hatching (days post-fertilization; DPF) and the sum of the
degree-days to hatching (accumulated degree-days; ADD; °C). Total length-at-hatch
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(LAH; mm) and yolk-sac volume (YSV; mm3) were measured from five individuals per
family at, or as close as possible to, 50% hatching for each family. Yolk-sac volume was
calculated assuming the shape of an ellipse (Blaxter & Hempel 1963):
=

6
where a = length of the yolk sac (mm) and b = height of the yolk sac (mm).
Statistical Analyses
Embryo survival was analyzed as a binomial response variable, while incubation
period, length-at-hatch, and yolk-sac volume at hatching were analyzed as continuous
response variables. Because embryos were raised independently, the replication unit in
the statistical models is the individual embryo and the design was unbalanced due to
different levels of embryo mortality. All non-proportional data were visually checked for
approximate normality using histograms and Q-Q plots. A cubic transformation was
applied to LAH and a cubic root transformation was applied to DPF, ADD, and YSV to
normalize the distributions. Embryo survival was analyzed with binomial generalized
linear mixed-effects models, and the transformed variables (i.e., DPF, ADD, LAH, and
YSV) were analyzed with restricted maximum likelihood linear mixed-effects models
with the lme4 package v.1.1-26 (Bates et al. 2015). Population and incubation light
treatment were included as fixed effects and female, male, female x male, and
fertilization block as random effects. All traits and possible interactions were examined
with backward, stepwise effect-selection and the maximal model for each trait selected
using the buildmer package v.1.7.1 (Voeten 2020). The significance for population,
species, incubation temperature, interaction effects, and any random effects selected were
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determined using a likelihood ratio test between the maximal model and reduced models
with the model effect of interest removed.
To enable population comparisons, the response to temperature for each trait was
standardized to what we assumed was the optimal light treatment - the low light treatment
(Table 3.1). For each trait and family, the within-family percent change from the optimal
light intensity was calculated as:
× 100;
where x1 = mean trait value from low light treatment and xi = the mean trait value
from the light treatment of interest. The mean among-family percent change was
calculated, and standard error was calculated as the among-family variation in percent
change.
All analyses were performed in R version 4.0.4 (R Core Team 2021).
Results:
Spawning Adult and Egg Measurements
Lake Superior spawning adults ranged from 326-503 mm (total length mean (SD)
= 412.5 (40.8) mm) and 298.9-970.0 g (fresh mass mean (SD) = 589.1 (171.4) g) and
were larger in total length and fresh mass than Lake Ontario adults which ranged from
321-425 mm (mean (SD) = 372.5 (25.3) mm) and 280.5-795.8 g (mean (SD) = 496.6
(126.4) g). Egg diameter was larger in Lake Ontario (mean (SD) = 2.30 (0.08) mm) than
Lake Superior (mean (SD) = 2.14 (0.12) mm).
Developmental and Morphological Traits
Incubation period (both DPF and ADD) and YSV had significant interaction
effects between population and light treatments (maximum P = 0.008; Table 3.3). The
77

interaction effects precluded any interpretation of main effects for incubation period and
YSV but did suggest contrasting norms of reaction between populations. Below we
describe the interaction effects for incubation period and YSV, and the population main
effects and light treatment pairwise comparisons for embryo survival and LAH. All
random effects (i.e., female, male, and female x male) were significant (maximum P =
0.009) except female for embryo survival, male for embryo survival and YSV, and
female x male for embryo survival and LAH (Table 3.3). All statistical model results can
be found in Table 3.3.
Embryo Survival
Embryo survival was highest for both populations at the medium light treatment,
but lowest at the low light treatment for Lake Ontario and at the high light treatment for
Lake Superior (Figures 3.3 & 3.4). Light and population main effects were significant.
Only Lake Ontario pairwise light treatment comparisons with the low light treatment
were significant (Low - Medium P < 0.001; Low - High P < 0.001). All pairwise light
treatment comparisons for Lake Superior were not significant (minimum P = 0.089).
Embryo survival was higher for Lake Ontario at the high (98.4%) and medium (99.6%)
light treatments than for Lake Superior (85.3 and 89.3%, respectively) but there was no
difference between populations at the low light treatment (0.9%; Figures 3.3 & 3.4).
Incubation Period
The number of days between fertilization and hatching was highest for Lake
Ontario at the low light treatment (115.47 days) and for Lake Superior at the high light
treatment (101.22 days; Figures 3.3 & 3.4). Lake Ontario cisco had a decrease in DPF
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from the low light to the high light treatments (-0.7%), while Lake Superior had an
increase from the low light to the high light treatments (1.9%; Figures 3.3 & 3.4).
Incubation period (DPF) was longer for Lake Ontario than Lake Superior across all light
treatments (mean (SD) difference = 13.9 (0.8) days).
The effect of light depended on population because the difference in ADD
between populations was less pronounced at the high light treatment (difference = 60.8
ADD), while ADD was higher for Lake Ontario at the low and medium light treatments
(497.7 and 485.9 ADD, respectively) than Lake Superior (427.5 and 420.8 ADD,
respectively; Figures 3.3 & 3.4). Lake Ontario ADD had a negative response from the
low to high light treatments (-2.5%), while ADD for Lake Superior did not change from
the low to high light treatments (0.05%; Figures 3.3 & 3.4).
Length-at-Hatch
Light was not a component returned in the stepwise-selected model for length-athatch, but the population main effect between Lake Ontario and Lake Superior was
significant (P < 0.001; Table 3.3). Lake Ontario had a higher LAH than Lake Superior
across all light treatments (Figures 3.3 & 3.4). Length-at-hatch decreased with increasing
light by 3.2% in Lake Superior, but negligible differences in LAH were observed for
Lake Ontario across light treatments (Figures 3.3 & 3.4).
Yolk-sac Volume
Yolk-sac volume had a different response to light intensity between populations
(Figures 3.3 & 3.4). The effect of light depended on population because the difference in
YSV between populations was less pronounced at the low light treatment (difference =
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0.22 mm3), while YSV was lower for Lake Ontario at the high and medium light
treatments (0.35 and 0.37 mm3, respectively) than Lake Superior (0.67 and 0.63 mm3,
respectively). YSV increased from the low to high light treatments (15.3%) in Lake
Superior and decreased from the low to high light treatments (-5.5%) in Lake Ontario
(Figures 3.3 & 3.4).
Discussion:
Developmental and morphological traits for Lake Superior and Lake Ontario
cisco populations demonstrated similar and contrasting reaction norms to incubation light
intensity. First, we found different responses to light intensity in embryo survival
between populations. Second, increasing light intensity had minimal impact on
incubation periods (DPF and ADD) for both populations. Lastly, LAH and YSV
responded differently to varying light intensities between populations. Consequently,
cisco from lakes Superior and Ontario are likely to have different responses to changes in
ice coverage and subsequent light conditions.
Our hypothesis that embryo survival would be highest at the lowest light
treatment was not supported. Embryo survival was highest for both populations at the
medium light levels, suggesting that populations may be adapted to withstand some light
exposure from high inter-annual variability in ice coverage. This result was contradictory
to that observed in two Pacific salmonid species (chinook salmon Oncorhynchus
tshawytscha and rainbow trout Oncorhynchus mykiss) for which embryo survival was
highest at the lowest light exposures evaluated (0.04 μmol m-2 s-1; Eisler, 1961, 1958;
Kwain, 1975). Lake Ontario cisco had a sharper decrease in survival than Lake Superior
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cisco at the low light treatment. The difference was surprising because average historical
ice coverage over the Lake Ontario spawning location is higher than the Lake Superior
spawning location, and thus low light conditions are more likely to occur for Lake
Ontario cisco embryos. However, the Lake Ontario cisco spawning location is shallow (<
5 m) and could have high light intensity with little or no ice coverage. Higher variability
in winter illuminance may have selected for the population of Lake Ontario cisco
sampled to have greater flexibility to higher light conditions than deeper spawning cisco
sampled from Lake Superior.
Our hypothesis that elevated light intensity would accelerate embryogenesis was
not supported. The greatest difference in incubation periods was between populations,
and was likely due to differences in embryo size, as larger embryos (i.e., Lake Ontario
cisco) require more time to develop (Hodson & Blunt 1986; Kamler 2008). Previous
studies of other salmonid species (European whitefish Coregonus lavaretus, chinook
salmon, rainbow trout) found increasing light intensity decreased the length of incubation
(Eisler 1958; Kwain 1975; Chernyaev 2007).
In contrast to incubation period, LAH and YSV responded to the light treatment
and matched our hypotheses, but responses differed between populations. Lake Ontario
cisco exhibited minimal change in LAH as light increased, but YSV decreased,
suggesting that light intensity increased the metabolic demand of embryos. In
comparison, Lake Superior cisco showed a trade-off between LAH and YSV. A negative
relationship between LAH and YSV is common in fish temperature incubation studies
(Blaxter 1991; Karjalainen et al. 2015; Stewart, Mäkinen, et al. 2021), but the
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relationship is usually accompanied by a change in incubation period as basal metabolic
demand consumes yolk as a function of the length of incubation. We found that light
influenced incubation periods similarly among light treatments; therefore, the trade-off
between LAH and YSV in Lake Superior cisco suggests decreased yolk conversion
efficiency to somatic tissue occurred as light intensity increased. This suggests future
decreases in ice coverage and subsequent increases in embryonic light exposure, in the
absence of adaptation, may result in smaller, less-robust larvae, which may in part
explain the low survival of Lake Superior cisco and other coregonines to age-1 over the
past 20 years (Stockwell et al. 2009; Lepak et al. 2017). The reasons underlying
differences between cisco populations from Lakes Ontario and Superior remain
unknown. However, the contrasting responses in LAH and YSV between populations
suggests that embryogenesis for each population has different levels of developmental
plasticity to light.
Embryo development is sensitive to environmental conditions, which can greatly
influence life-history trajectories, performances, and reproductive success (Colby &
Brooke 1970; Luczyński 1991; Karjalainen, Jokinen, et al. 2016). We did not quantify
developmental stages, except eye pigmentation, so specific life-stage developmental rates
are unknown. Changes in the frequency of light (i.e., periodicity) can have adverse
effects on fish embryos after yolk plug closure and first vertebrate trunk segment
formation (Chernyaev 1993; Chernyaev 2007; Abdel-Rahim et al. 2019; Ruchin 2020).
Fluctuating light cycles (e.g., 6:6h light:dark) and constant light (e.g., 24h light)
accelerated the rate of embryonic development compared to ‘normal’ photoperiods (e.g.,
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12:12h light:dark; Chernyaev, 2007, 1993; John and Hasler, 1956; Ruchin, 2020).
Photoperiod disruptions can inhibit the pineal organ and melatonin synthesis, which is
critical to regulate and synchronize diurnal and seasonal biological rhythms (Roberts
1978; Delgado et al. 1987; Ekstrzöm & Meissl 1997; Falcón et al. 2010). The role
photoperiod and the endocrine system plays in embryo development and phenology
remains unknown for coregonines. Further studies that examine the impact of changing
light intensities and photoperiods throughout incubations (e.g., decreased or no light
during winter from ice coverage and increased light intensity and periodicity during
spring ice-out) will help determine the fine-scale influence light and photoperiod may
have on specific development stages (i.e., hatching), hormone regulation, and organ,
tissue, and skeletal formation.
Sunlight intensity, albedo, and attenuation are strongly influenced by the angle of
the sunlight, which is determined by season and latitude (Goldberg & Klein 1977;
Forsythe et al. 1995). Latitude and sun angle are negatively correlated and this negative
relationship is strongest at the winter solstice in the northern hemisphere (Goldberg &
Klein 1977; Wielgolaski & Inouye 2003). Lake Ontario is at a lower latitude and thus
experiences a higher sun angle than Lake Superior, which results in a more intense and
longer period of daylight. Our light treatments were calculated from light sensors
deployed only in Lake Superior; thus, the experimental light intensity treatments for Lake
Ontario cisco may not have captured an accurate light environment representation.
Under-ice light data from more lakes, depths, and habitats would add to our
understanding of cisco embryo light environments and improve the authenticity of
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experimental treatments. Additionally, comparing populations from high latitude lakes
which experience decreased winter sunlight would provide an additional contrast for
local adaptation and phenotypic plasticity across geographic regions.
Turbidity also contributes to light attenuation, and spring ice-out and river
discharge can drastically increase the presence of suspended particulates and light
absorption (Shao et al. 2019). Hydrological responses to climate change indicate earlier
and protracted winter/spring runoff and higher runoff volume (Cutforth et al. 1999; Shen
et al. 2018; Blahušiaková et al. 2020). Seasonal runoff, including snowmelt pulses, often
drive high nutrient loads and primary productivity in temperate lakes (Isles et al. 2017;
Rosenberg & Schroth 2017). Runoff entering ice-covered lakes is expected to suspend
near the ice surface, rather than mixing into the water column (Cortés et al. 2017; Yang et
al. 2020), and therefore, have implications on when nutrients are used by primary
producers and the onset of spring plankton blooms (Sommer et al. 2012). If the timing of
spring plankton blooms changes as a result of earlier and protracted winter/spring nutrient
loads, the potential mis-match between interacting species may produce bottom-up
consequences (Rogers et al. 2020). Our results showed changing light intensities did not
affect cisco hatch dates; thus, the ability of cisco to match optimal spring nursery
conditions may be weakened if coregonines do not respond to changing ice conditions
similarly to the plankton community (Cushing 1990; Myers et al. 2015). The proximity of
spawning and nursery grounds to shoreline and river outlets would likely impact the
synchrony between coregonine larvae and planktonic prey.
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Many fish species are iteroparous and, in some species, individuals repeatedly use
the same spawning location (Marsden et al. 1995; Thorrold et al. 2001; Skjæraasen et al.
2011). The question of what constrains the choice of a spawning location cannot be
separated from the question of what constrains early-life development and survival (Iles
& Sinclair 1982; Sinclair & Iles 1989; Petitgas et al. 2012; Ciannelli et al. 2015). Embryo
survival is largely determined by incubation habitat (e.g., water temperature, light
exposure, oxygen availability, protection from predators), thus, selective pressure is
focused on 'correct' and adaptive choices of spawning sites by the parents. The amount of
spawning plasticity (e.g., spawning site selection, fidelity to spawning sites, spawning
time) among populations could serve as an indicator for the level of evolutionary
constraints for offspring (Ciannelli et al. 2015). For example, Atlantic herring (Clupea
harengus) exhibit a wide range of reproductive strategies across diverse geographical
locations, but have limited spawning site plasticity because embryo survival is dependent
on substrate and vegetation (Petitgas et al. 2012). Coregonines are considered to be
behaviorally and developmentally plastic and do not appear to be constrained by a
spawning habitat type (Muir et al. 2013; Karjalainen et al. 2015; Paufve 2019); however,
our understanding of coregonine reproductive behavior and spawning-site selection is
limited. The selection of deeper or shallower spawning locations would provide a
gradient in environment conditions (e.g., light, temperature) depending on populationspecific habitat requirements, and both suitable nearshore and offshore spawning habitats
are historically likely to be present in each sampled lake (Goodyear 1982; Paufve 2019).
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Examining coregonine reproductive behavior and characterizing contemporary spawning
habitat requirements is a logical and needed next step to build on our results.
The existence of varying trait responses between populations raises questions
concerning causal mechanisms. Genomic studies can aid our understanding by
determining what functional pathways could be up- or down-regulated due to light
energy. Any potential changes in metabolic or catabolic genes from light will enhance
trait analyses and allow further partitioning of the effects of light from other energy
demanding environmental variables (e.g., temperature).
Conclusion:
Given the extensive degree of developmental plasticity in coregonines,
propagation has been proposed as a practical way to reintroduce native species from lakes
with extirpated or reduced population levels (Zimmerman & Krueger 2009; Bronte et al.
2017). A key uncertainty to maximizing restoration efforts is whether managers should
mimic natural environmental conditions to increase survival during propagation (Bronte
et al. 2017). Our study highlights the potential role of winter light conditions, the
influence of light intensity on cisco embryo development, and the impact changing ice
regimes may have on cisco survival and recruitment in the wild. We did not identify a
consistent directional reaction between and within the two sampled cisco populations to
increasing light, and light is likely to have a differential effect on a number of
physiological and biochemical processes. Large-scale, cross-lake propagation and
reintroduction efforts are likely to be complicated by the capacity to match cisco
phenotypes and optimal incubation conditions. Our results provide a step towards better
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understanding the recent high variability observed in coregonine recruitment and may
help predict what the future of this species may look like under current climate trends.
Acknowledgments:
We thank the staff at the Wisconsin Department of Natural Resources Bayfield
Fisheries Field Station, U. S. Geological Survey (USGS) Tunison Laboratory of Aquatic
Science, and New York State Department of Environmental Conservation Cape Vincent
Fisheries Station for conducting field collections of spawning adults. The staff at Apostle
Islands National Lakeshore (U.S. National Park Service) conducted sensor deployment
and retrieval. We also thank Rachel Taylor, Daniel Yule, and Caroline Rosinski for help
with fertilizations and experiment maintenance. Kevin Keeler provided the USGS
solicited review that strengthened the manuscript, as did anonymous peer reviewers and
Stockwell and Marsden lab members. This work was supported by the USGS [grant
number G17AC00042]. Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the U.S. Government.
Literature Cited
Abdel-Rahim MM, Lotfy AM, Aly HA, Sallam GR, Toutou MM. 2019. Effects of light
source, photoperiod, and intensity on technical and economic performance of
meagre, Argyrosomus regius, on intensive land-based farms. Aquac Aquarium,
Conserv Legis. 12(5):1531–1545.
Anneville O, Souissi S, Molinero JC, Gerdeaux D. 2009. Influences of human activity
and climate on the stock‐recruitment dynamics of whitefish, Coregonus
lavaretus, in Lake Geneva. Fish Manag Ecol. 16(6):492–500.
Austin JA, Colman SM. 2007. Lake Superior summer water temperatures are increasing
more rapidly than regional temperatures: A positive ice-albedo feedback.
Geophys Res Lett. 34(6):1–5.
Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting Linear Mixed-Effects Models
Using lme4. J Stat Softw. 67(1):1–48.
87

Blahušiaková A, Matoušková M, Jenicek M, Ledvinka O, Kliment Z, Podolinská J,
Snopková Z. 2020. Snow and climate trends and their impact on seasonal runoff
and hydrological drought types in selected mountain catchments in Central
Europe. Hydrol Sci J. 65(12):2083–2096.
Blaxter JHS. 1991. The effect of temperature on larval fishes. Netherlands J Zool. 42(2–
3):336–357.
Blaxter JHS, Hempel G. 1963. The influence of egg size on herring larvae (Clupea
harengus L). J du Cons / Cons Perm Int pour l’Exploration la Mer. 28:211–240.
Bolsenga SJ, Vanderploeg HA. 1992. Estimating photosynthetically available radiation
into open and ice-covered freshwater lakes from surface characteristics; a high
transmittance case study. Hydrobiologia. 243–244(1):95–104.
Bronte CR, Bunnell DB, David SR, Gordon R, Gorsky D, Millard MJ, Read J, Stein RA,
Vaccaro L. 2017. Report from the workshop on coregonine restoration science.
Reston, Virginia: US Geological Survey.
Chernyaev ZA. 1993. The Impact of Light Factor on the Embryonic Development of
Coregonids. Izv Akad Nauk Ser Biol.:64–73.
Chernyaev ZA. 2007. Factors and possible mechanisms causing changes in the rate of
embryonic development of bony fish (with reference to Coregonidae). J Ichthyol.
47(7):494–503.
Ciannelli L, Bailey K, Olsen EM. 2015. Evolutionary and ecological constraints of fish
spawning habitats. ICES J Mar Sci. 72(2):285–296.
Colby PJ, Brooke LT. 1970. Survival and development of lake herring (Coregonus
artedii) eggs at various incubation temperatures. In: Lindsey C, Woods C, editors.
Biol Coregonid Fishes. Winnipeg, Canada: University of Manitoba Press; p. 417–
428.
Cortés A, MacIntyre S, Sadro S. 2017. Flowpath and retention of snowmelt in an ice‐
covered arctic lake. Limnol Oceanogr. 62(5):2023–2044.
Cushing DH. 1990. Plankton production and year-class strength in fish populations: An
update of the match/mismatch hypothesis. Adv Mar Biol. 26(C):249–293.
Cutforth HW, McConkey BG, Woodvine RJ, Smith DG, Jefferson PG, Akinremi OO.
1999. Climate change in the semiarid prairie of southwestern Saskatchewan: Late
winter–early spring. Can J Plant Sci. 79(3):343–350.

88

Delgado MJ, Gutiérrez P, Alonso-Bedate M. 1987. Melatonin and photoperiod alter
growth and larval development in Xenopus laevis tadpoles. Comp Biochem
Physiol Part A Physiol. 86(3):417–421.
Dryer WR, Beil J. 1964. Life history of lake herring in Lake Superior. Fish Bull.
63(3):493–530.
Ebener MP, Stockwell JD, Yule DL, Gorman OT, Hrabik TR, Kinnunen RE, Mattes WP,
Oyadomari JK, Schreiner DR, Geving S, et al. 2008. Status of cisco (Coregonus
artedi) in Lake Superior during 1970-2006 and management and research
considerations. Ann Arbor, Michigan Gt Lakes Fish Comm Lake Super Tech Rep.
1:126.
Eisler R. 1958. Some effects of artificial light on salmon eggs and larvae. Trans Am Fish
Soc. 87(1):151–162.
Eisler R. 1961. Effects of visible radiation on salmonoid embryos and larvae. Growth.
25:281–346.
Ekstrzöm P, Meissl H. 1997. The pineal organ of teleost fishes. Rev Fish Biol Fish.
7(2):199–284.
Eshenroder RL, Vecsei P, Gorman OT, Yule DL, Pratt TC, Mandrak NE, Bunnell DB,
Muir AM. 2016. Ciscoes (Coregonus, subgenus Leucichthys) of the Laurentian
Great Lakes and Lake Nipigon. Gt Lakes Fish Comm Misc Publ. 1:156.
Falcón J, Migaud H, Munoz-Cueto JA, Carrillo M. 2010. Current knowledge on the
melatonin system in teleost fish. Gen Comp Endocrinol. 165(3):469–482.
Fleming-Lehtinen V, Laamanen M. 2012. Long-term changes in Secchi depth and the
role of phytoplankton in explaining light attenuation in the Baltic Sea. Estuar
Coast Shelf Sci. 102:1–10.
Forsythe WC, Rykiel Jr EJ, Stahl RS, Wu H, Schoolfield RM. 1995. A model comparison
for daylength as a function of latitude and day of year. Ecol Modell. 80(1):87–95.
Gaston KJ, Bennie J, Davies TW, Hopkins J. 2013. The ecological impacts of nighttime
light pollution: a mechanistic appraisal. Biol Rev. 88(4):912–927.
George EM, Stott W, Young BP, Karboski CT, Crabtree DL, Roseman EF, Rudstam LG.
2017. Confirmation of cisco spawning in Chaumont Bay, Lake Ontario using an
egg pumping device. J Great Lakes Res. 43(3):204–208.
Goldberg B, Klein WH. 1977. Variations in the spectral distribution of daylight at various
geographical locations on the earth’s surface. Sol Energy. 19(1):3–13.
89

Goodyear CD. 1982. Atlas of the spawning and nursery areas of Great Lake fishes.
Washington, D.C.: US Fish and Wildlife Service.
Hampton SE, Moore M V, Ozersky T, Stanley EH, Polashenski CM, Galloway AWE.
2015. Heating up a cold subject: prospects for under-ice plankton research in
lakes. J Plankton Res. 37(2):277–284.
Hjort J. 1914. Fluctuations in the great fisheries of Northern Europe. In: Rapp ProcésVerbaux. Vol. 20. Copenhagen: ICES; p. 1–228.
Hodson P V, Blunt BR. 1986. The effect of time from hatch on the yolk conversion
efficiency of rainbow trout, Salmo gairdneri. J Fish Biol. 29(1):37–46.
Iglesias J, Rodríguez-Ojea G, Peleteiro JB. 1995. Effect of light and temperature on the
development of turbot eggs (Scophthalmus maximus L.). ICES Mar Sci Symp.
201:40–44.
Iles TD, Sinclair M. 1982. Atlantic herring: stock discreteness and abundance. Science.
215(4533):627–633.
International Organization For Standardization 6341. 2012. Water quality —
Determination of the inhibition of the mobility of Daphnia magna Straus
(Cladocera, Crustacea) — Acute toxicity test. Int Organ Stand [Internet].
https://www.iso.org/standard/54614.html
Isles PDF, Xu Y, Stockwell JD, Schroth AW. 2017. Climate-driven changes in energy
and mass inputs systematically alter nutrient concentration and stoichiometry in
deep and shallow regions of Lake Champlain. Biogeochemistry. 133(2):201–217.
John KR, Hasler AD. 1956. Observations on Some Factors Affecting the Hatching of
Eggs and the in Lake Mendota , Wisconsin. Limnol Oceanogr. 1(3):176–194.
Kamler E. 2008. Resource allocation in yolk-feeding fish. Rev Fish Biol Fish. 18:143–
200.
Karjalainen J, Auvinen H, Helminen H, Marjomäki TJ, Niva T, Sarvala J, Viljanen M.
2000. Unpredictability of ﬁsh recruitment - interannual variation in YOY
abundance. J Fish Biol. 56(4):837–857.
Karjalainen J, Jokinen L, Keskinen T, Marjomäki TJ. 2016. Environmental and genetic
effects on larval hatching time in two coregonids. Hydrobiologia. 780(1):135–
143.
Karjalainen J, Keskinen T, Pulkkanen M, Marjomäki TJ. 2015. Climate change alters the
egg development dynamics in cold-water adapted coregonids. Environ Biol
Fishes. 98(4):979–991.
90

Kwain W-H. 1975. Embryonic development, early growth and meristic variation in
rainbow trout (Salmo gairdneri) exposed to combinations of light intensity and
temperature. J Fish Res Board Canada. 32(74):397–402.
Lepak TA, Ogle DH, Vinson MR. 2017. Age, year-class strength variability, and partial
age validation of Kiyis from Lake Superior. North Am J Fish Manag. 37(5):1151–
1160.
Luczyński M. 1991. Temperature requirements for growth and survival of larval vendace,
Coregonus albula (L.). J Fish Biol. 38(1):29–35.
Lynch AJ, Taylor WW, Smith KD. 2010. The influence of changing climate on the
ecology and management of selected Laurentian Great Lakes fisheries. J Fish
Biol. 77(8):1964–1982.
MacCrimmon HR, Kwain W-H. 1969. Influence of light on early development and
meristic characters in the rainbow trout, Salmo gairdneri Richardson. Can J Zool.
47(4):631–637.
Magnuson JJ, Webster KE, Assel RA, Bowser CJ, Dillon PJ, Eaton JG, Evans HE, Fee
EJ, Hall RI, Mortsch LR. 1997. Potential effects of climate changes on aquatic
systems: Laurentian Great Lakes and Precambrian Shield Region. Hydrol Process.
11(8):825–871.
Mangor‐Jensen A, Waiwood KG. 1995. The effect of light exposure on buoyancy of
halibut eggs. J Fish Biol. 47(1):18–25.
Marchesan M, Spoto M, Verginella L, Ferrero EA. 2005. Behavioural effects of artificial
light on fish species of commercial interest. Fish Res. 73(1–2):171–185.
Marsden JE, Casselman JM, Edsall TA, Elliott RF, Fitzsimons JD, Horns WH, Manny
BA, McAughey SC, Sly PG, Swanson BL. 1995. Lake trout spawning habitat in
the Great Lakes—a review of current knowledge. J Great Lakes Res. 21:487–497.
Muir AM, Vecsei P, Pratt TC, Krueger CC, Power M, Reist JD. 2013. Ontogenetic shifts
in morphology and resource use of cisco Coregonus artedi. J Fish Biol.
82(2):600–617.
Myers JT, Yule DL, Jones ML, Ahrenstorff TD, Hrabik TR, Claramunt RM, Ebener MP,
Berglund EK. 2015. Spatial synchrony in cisco recruitment. Fish Res. 165:11–21.
Nguyen TD, Hawley N, Phanikumar MS. 2017. Ice cover, winter circulation, and
exchange in Saginaw Bay and Lake Huron. Limnol Oceanogr. 62(1):376–393.

91

Nyberg P, Bergstrand E, Degerman E, Enderlein O. 2001. Recruitment of pelagic fish in
an unstable climate: studies in Sweden’s four largest lakes. Ambio. 30(8):559–
564.
O’Reilly CM, Rowley RJ, Schneider P, Lenters JD, Mcintyre PB, Kraemer BM. 2015.
Rapid and highly variable warming of lake surface waters around the globe.
Geophys Res Lett. 42(24):1–9.
Oberlercher TM, Wanzenböck J. 2016. Impact of electric fishing on egg survival of
whitefish, Coregonus lavaretus. Fish Manag Ecol. 23(6):540–547.
Parks TP, Rypel AL. 2018. Predator–prey dynamics mediate long-term production trends
of cisco (Coregonus artedi) in a northern Wisconsin lake. Can J Fish Aquat Sci.
75(11):1969–1976.
Paufve MR. 2019. Diversity in spawning habitat across Great Lakes Cisco populations.
Ithaca, New York: Cornell University.
Paufve MR, Sethi SA, Rudstam LG, Weidel BC, Lantry BF, Chalupnicki MA, Dey K,
Herbert ME. 2020. Differentiation between lake whitefish and cisco eggs based
on diameter. J Great Lakes Res. 46(4):1058–1062.
Pepin P. 1991. Effect of temperature and size on development, mortality, and survival
rates of the pelagic early life history stages of marine fish. Can J Fish Aquat Sci.
48(3):503–518.
Petitgas P, Alheit J, Peck MA, Raab K, Irigoien X, Huret M, Van Der Kooij J, Pohlmann
T, Wagner C, Zarraonaindia I. 2012. Anchovy population expansion in the North
Sea. Mar Ecol Prog Ser. 444:1–13.
Preisendorfer RW. 1986. Secchi disk science: Visual optics of natural waters 1. Limnol
Oceanogr. 31(5):909–926.
R Core Team. 2021. R: A Language and Environment for Statistical Computing
[Internet]. https://www.r-project.org/
Ramus J, Beale SI, Mauzerall D, Howard KL. 1976. Changes in photosynthetic pigment
concentration in seaweeds as a function of water depth. Mar Biol. 37(3):223–229.
Roberts A. 1978. Pineal eye and behaviour in Xenopus tadpoles. Nature. 273(5665):774–
775.
Rogers TL, Munch SB, Stewart SD, Palkovacs EP, Giron‐Nava A, Matsuzaki SS,
Symons CC. 2020. Trophic control changes with season and nutrient loading in
lakes. Ecol Lett. 23(8):1287–1297.
92

Rosenberg BD, Schroth AW. 2017. Coupling of reactive riverine phosphorus and iron
species during hot transport moments: impacts of land cover and seasonality.
Biogeochemistry. 132(1–2):103–122.
Rosinski CL, Vinson MR, Yule DL. 2020. Niche Partitioning among Native Ciscoes and
Nonnative Rainbow Smelt in Lake Superior. Trans Am Fish Soc. 149(2):184–
203.
Ruchin AB. 2007. Effect of photoperiod on growth, physiologica and hematological
indices of juvenile Siberian sturgeon Acipenser baerii. Biol Bull. 34(6):583–589.
Ruchin AB. 2020. Effect of illumination on fish and amphibian: development, growth,
physiological and biochemical processes. Rev Aquac. 13(1):567–600.
Secchi PA. 1864. Relazione delle esperienze fatte a bordo della pontificia pirocorvetta
Imacolata Concezione per determinare la trasparenza del mare. Mem del PA
Secchi Nuovo Cim G Fis Chim e Stor Nat Ottobre 1864, Publ 1865. 20:205–237.
Seth SNM, Nai HT, Rosli MK, Saad S, Noor NM, Yukinori M. 2014. Egg hatching rates
of brown-marbled grouper, Epinephelus fuscoguttatus under different light
wavelengths and intensities. MJS. 33(2):150–154.
Shao T, Wang T, Liang X, Li L. 2019. Seasonal dynamics of light absorption by
suspended particulate matter and CDOM in highly turbid inland rivers on the
Loess Plateau, China. River Res Appl. 35(7):905–917.
Sharma S, Blagrave K, Magnuson JJ, O’Reilly CM, Oliver S, Batt RD, Magee MR,
Straile D, Weyhenmeyer GA, Winslow LA. 2019. Widespread loss of lake ice
around the Northern Hemisphere in a warming world. Nat Clim Chang. 9(3):227.
Shen Y-J, Shen Y, Fink M, Kralisch S, Chen Y, Brenning A. 2018. Trends and variability
in streamflow and snowmelt runoff timing in the southern Tianshan Mountains. J
Hydrol. 557:173–181.
Sinclair M, Iles TD. 1989. Population regulation and speciation in the oceans. ICES J
Mar Sci. 45(2):165–175.
Skjæraasen JE, Meager JJ, Karlsen Ø, Hutchings JA, Fernö A. 2011. Extreme spawningsite fidelity in Atlantic cod. ICES J Mar Sci. 68(7):1472–1477.
Sommer U, Adrian R, De Senerpont Domis L, Elser JJ, Gaedke U, Ibelings B, Jeppesen
E, Lürling M, Molinero JC, Mooij WM. 2012. Beyond the Plankton Ecology
Group (PEG) model: mechanisms driving plankton succession. Annu Rev Ecol
Evol Syst. 43:429–448.

93

Stewart TR, Mäkinen M, Goulon C, Guillard J, Marjomäki TJ, Lasne E, Karjalainen J,
Stockwell JD. 2021. Influence of warming temperatures on coregonine
embryogenesis within and among species. Hydrobiologia. 848(18):4363–4385.
Stockwell JD, Ebener MP, Black JA, Gorman OT, Hrabik TR, Kinnunen RE, Mattes WP,
Oyadomari JK, Schram ST, Schreiner DR, et al. 2009. A Synthesis of Cisco
Recovery in Lake Superior: Implications for Native Fish Rehabilitation in the
Laurentian Great Lakes. North Am J Fish Manag. 29(3):626–652.
Stockwell JD, Yule DL, Hrabik TR, Sierszen ME, Isaac EJ. 2014. Habitat coupling in a
large lake system: Delivery of an energy subsidy by an offshore planktivore to the
nearshore zone of Lake Superior. Freshw Biol. 59(6):1197–1212.
Thorrold SR, Latkoczy C, Swart PK, Jones CM. 2001. Natal homing in a marine fish
metapopulation. Science. 291:297–299.
Villamizar N, Blanco-Vives B, Migaud H, Davie A, Carboni S, Sanchez-Vazquez FJ,
Sánchez-Vázquez FJ. 2011. Effects of light during early larval development of
some aquacultured teleosts: a review. Aquaculture. 315(1–2):86–94.
Voeten CC. 2020. buildmer: Stepwise Elimination and Term Reordering for MixedEffects Regression [Internet]. https://cran.r-project.org/package=buildmer
Walter B, Cavalieri DJ, Thornhill KL, Gasiewski AJ. 2006. Aircraft measurements of
heat fluxes over wind-driven coastal polynyas in the Bering Sea. IEEE Trans
Geosci Remote Sens. 44(11):3118–3134.
Wang J, Hu H, Schwab D, Leshkevich G, Beletsky D, Hawley N, Clites A. 2010.
Development of the Great Lakes ice-circulation model (GLIM): application to
Lake Erie in 2003–2004. J Great Lakes Res. 36(3):425–436.
Wielgolaski FE, Inouye DW. 2003. High latitude climates. In: D SM, editor. Phenol An
Integr Environ Sci. Dordrecht: Springer; p. 175–194.
Winslow LA, Read JS, Hansen GJA, Rose KC, Robertson DM. 2017. Seasonality of
change: Summer warming rates do not fully represent effects of climate change
on lake temperatures. Limnol Oceanogr. 62(5):2168–2178.
Yang B, Wells MG, Li J, Young J. 2020. Mixing, stratification, and plankton under
lake‐ice during winter in a large lake: Implications for spring dissolved oxygen
levels. Limnol Oceanogr. 65(11):2713–2729.
Zimmerman MS, Krueger CC. 2009. An Ecosystem Perspective on Re-establishing
Native Deepwater Fishes in the Laurentian Great Lakes. North Am J Fish Manag.
29(5):1352–1371.
94

Table 3.1: Mean daily ± SD light intensity (μmol m-2 s-1) for three ice coverage
(i.e., relative percent of surface area within a reference grid covered by ice) classes
measured from a light sensor set at 10 m depth off Sand Island, Lake Superior and
corresponding laboratory experimental light conditions used for both Lake Superior and
Lake Ontario. Ice coverage was extracted from remotely-sensed vectors (i.e., SIGRID-3)
at the coordinates of the field light sensor (North American Ice Service;
https://usicecenter.gov/Products/GreatLakesData).
Ice Coverage (Light Treatment)
Location

> 90% (Low)

40-60% (Medium)

< 10% (High)

Field (Lake Superior)

2.0 ± 1.1

3.4 ± 2.5

5.5 ± 5.9

Laboratory

0.6 ± 0.1

3.9 ± 1.9

6.2 ± 1.0

95

Table 3.2: Mean daily ± SD water temperatures (°C) during embryo incubations
from each light treatment for Lakes Superior and Ontario. Light treatment levels
correspond to 0-10 (low, 0.6 ± 0.1 μmol m-2 s-1), 40-60 (medium, 3.9 ± 1.9 μmol m-2 s-1),
and 90-100 % (high, 6.2 ± 1.0 μmol m-2 s-1) ice coverage.
Light Treatment
Lake

High

Medium

Low

Superior

4.3 ± 0.2

4.3 ± 0.3

4.3 ± 0.3

Ontario

4.2 ± 0.3

4.3 ± 0.3

4.4 ± 0.4
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Table 3.3: Likelihood ratio test output for each model selected for embryo
survival (%), incubation period [number of days post-fertilization (DPF) and accumulated
degree days (°C; ADD)], length-at-hatch (mm), and yolk-sac volume (mm3) from Lakes
Superior and Ontario cisco (Coregonus artedi). pop indicates population. The full model
that was selected is bolded for each trait.
Trait
Embryo
Survival

Incubation
Period
(DPF)

Incubation
Period
(ADD)

Length-atHatch

Yolk-sac
Volume

Effect
Tested

df

χ2

pop

light

2

181.92

< 0.001

light

pop

1

95.00

< 0.001

pop + family + female + male

light

2

10.80

0.005

light + family + female + male

pop

1

light + pop + family + female + male

light:pop

2

9.66

0.008

light + pop + light:pop + female + male

family

1

79.91

< 0.001

light + pop + light:pop + family + male

female

1

25.29

< 0.001

light + pop + light:pop + family + female

male

1

10.80

0.001

pop + family + female + male

light

2

51.72

< 0.001

light + family + female + male

pop

1

light + pop + family + female + male

light:pop

2

13.23

0.001

light + pop + light:pop + female + male

family

1

79.99

< 0.001

light + pop + light:pop + family + male

female

1

25.25

< 0.001

light + pop + light:pop + family + female

male

1

10.75

< 0.001

female + male

pop

1

373.34

< 0.001

pop + male

female

1

100.97

< 0.001

pop + female

male

1

11.37

< 0.001

pop + family + female

light

2

1.96

0.376

light + family + female

pop

1

712.18

< 0.001

light + pop + family + female

light:pop

2

19.04

< 0.001

light + pop + light:pop + female

family

1

6.52

< 0.001

light + pop + light:pop + family

female

1

38.94

< 0.001

Model

p-value

light + pop

light + pop + light:pop + family + female + male
3,023.89 < 0.001

light + pop + light:pop + family + female + male
3,092.41 < 0.001

pop + female + male

light + pop + light:pop + family + female
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Figure 3.1: Histogram of annual mean ice coverage (i.e., relative percent of
surface area within a reference grid covered by ice) between 1-Jan and 15-Mar from
1973-2020 for the sampling location in Lake Superior (top) and Lake Ontario (bottom).
Ice coverage was extracted from remotely-sensed vectors (i.e., SIGRID-3) at the
coordinates of each sampling location (North American Ice Service;
https://usicecenter.gov/Products/GreatLakesData).
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Figure 3.2: Daily ice coverage (i.e., relative percent of surface area within a
reference grid covered by ice; blue line) and light intensity (μmol m-2 s-1; gray line) based
on a light sensor set at 10 m depth off Sand Island, Lake Superior. Ice coverage was
extracted from remotely-sensed vectors (i.e., SIGRID-3) at the coordinates of the field
light sensor (North American Ice Service;
https://usicecenter.gov/Products/GreatLakesData).

99

Figure 3.3: Mean embryo survival (%), length-at-hatch (mm; LAH), yolk-sac
volume (mm3; YSV), and incubation period [number of days post-fertilization (DPF) and
accumulated degree days (°C; ADD)] at each incubation light treatment from Lake
Superior and Lake Ontario cisco (Coregonus artedi). Light treatment levels correspond to
0-10 (low, 0.6 ± 0.1 μmol m-2 s-1), 40-60 (medium, 3.9 ± 1.9 μmol m-2 s-1), and 90-100 %
(high, 6.2 ± 1.0 μmol m-2 s-1) ice coverage. Error bars indicate standard error.
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Figure 3.4: Mean among-family standardized responses (%) to assumed optimal
light conditions (i.e., low) within each sampled population from Lake Superior and Lake
Ontario cisco (Coregonus artedi) for embryo survival, length-at-hatch (LAH), yolk-sac
volume (YSV), and incubation period [number of days post-fertilization (DPF) and
accumulated degree days (ADD)] at each incubation light treatment. Light treatment
levels correspond to 0-10 (low, 0.6 ± 0.1 μmol m-2 s-1), 40-60 (medium, 3.9 ± 1.9 μmol
m-2 s-1), and 90-100 % (high, 6.2 ± 1.0 μmol m-2 s-1) ice coverage. Error bars indicate
among-family standard error.
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Abstract
Freshwater whitefishes, Salmonidae Coregoninae, are cold stenothermic fishes of
ecological and socio-economic importance in northern hemisphere lakes that are warming
in response to climate change. To address the effect of warming waters on coregonine
reproduction we experimentally evaluated different embryo incubation temperatures on
post-hatching survival, growth, and critical thermal maximum of larval cisco (Coregonus
artedi) sampled from lakes Superior and Ontario. Embryos were incubated at water
temperatures of 2.0, 4.4, 6.9, and 8.9°C to simulate present and increased winter
temperatures, and hatched larvae were reared in a common environment. For both
populations, larval survival and critical thermal maximum were negatively related to
incubation temperature, and larval growth was positively related to incubation
temperature. The magnitude of change across incubation temperatures was greater in the
population sampled from Lake Superior than Lake Ontario for all traits examined. The
more rapid decrease in survival and critical thermal maximum across incubation
temperatures for larval cisco in Lake Superior, compared to those from Lake Ontario,
suggests that Lake Superior larvae may possess a more limited ability to acclimate to and
cope with increasing winter water temperatures. However, the rapid increase in growth
rates across incubation temperatures in Lake Superior larvae suggests they could recover
better from hatching at a small length induced by warm winters, as compared to Lake
Ontario larvae. Our results suggest propagation and restoration programs may want to
consider integrating natural habitat preferences and maximizing phenotypic variability to
ensure offspring are set up for success upon stocking.
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Introduction
Water temperatures are rising around the globe (Austin & Colman 2008; O’Reilly
et al. 2015; Maberly et al. 2020; Woolway et al. 2020) and poses a threat to ectotherms,
such as fish, that have limited thermal tolerance ranges (Comte & Olden 2017; Dahlke et
al. 2020; Little et al. 2020). Thermal tolerances vary with ontogenetic development
(Dahlke et al. 2020; Sunday 2020) and affect reproduction, metabolic rates, growth, and
overall survival (Brett 1979; Gillooly et al. 2002; Brown et al. 2004; Ohlberger et al.
2007; Busch et al. 2012; Little et al. 2020). Vulnerability of fishes to climatic warming is
highest for cold stenothermic species that lack the ability to migrate to suitable
temperatures. Specific vulnerability of local populations will likely depend on future
climate regime shifts and the temperature requirements of spawners and embryos (Dahlke
et al. 2020; Sunday 2020). In the short-term, lacustrine spawners may cope with warming
waters by shifting spawning timing or using deeper and colder spawning habitat, or
potentially in the long-term through thermal adaptation across generations. Adaptation,
however, may be too slow to keep pace with changing thermal conditions (Bruge et al.
2016). For autumn to winter spawners, spawning later in the season after waters have
cooled sufficiently may still impact embryo development due to warmer winter
temperatures and earlier spring warming.
Freshwater whitefishes, Salmonidae Coregoninae (hereafter coregonines), are
cold, stenothermic fishes of ecological and socio-economic importance throughout the
northern hemisphere (Stockwell et al. 2009; Elliott & Bell 2011; Jeppesen et al. 2012;
Isaak 2014; Jonsson & Jonsson 2014; Karjalainen et al. 2015). In the Laurentian Great
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Lakes, cisco (Coregonus artedi) was historically the most abundant ciscoe (sensu
Eshenroder et al., 2016) species, a primary prey fish of lake trout (Salvelinus
namaycush), and a commercial fishing target since the early 1800s (Bogue 2001;
Chiarappa 2005). Most cisco spawning stocks collapsed by the mid-1900s (Koelz 1929;
Baldwin et al. 2009). Lake Superior stocks partially recovered by the early-1990s
(Stockwell et al. 2009), but contemporary abundance is considered to be below historical
levels (Rook et al. 2021). Present Lake Superior cisco population abundance is
hypothesized to be limited by reduced and inconsistent survival of fish to age-1 due to
climatic warming over the past two decades (Van Cleave et al. 2014) and lower overall
ecosystem productivity due to reduced phosphorus inputs as compared to 1900-1970
(Rook et al. 2021). Variable and weak year-class strength of coregonines has been
observed worldwide over the past several decades and has been associated with annual
variations in lake ice formation and winter-spring thermal conditions (Nyberg et al. 2001;
Marjomäki et al. 2004; Anneville et al. 2015; Karjalainen et al. 2015).
Most coregonines spawn nearshore in late-autumn, embryos incubate under ice,
and hatch in spring near ice-out, when rising spring water temperatures trigger hatching
(Stockwell et al. 2009; Karjalainen et al. 2015; Karjalainen et al. 2019; Karjalainen et al.
2021). Increases in air temperature and water temperatures of seasonally ice-covered
lakes are projected to be greatest during the winter and spring, respectively, in response
to climate change (Schindler et al. 1990; Christensen et al. 2007; Winslow et al. 2017;
Ozersky et al. 2021).
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The larval period of fishes is critical for year-class success (Hjort 1914; Cushing
1990), but the physiological effects of thermal stress from non-optimal embryo
incubation temperatures on post-hatching survival are unclear. Additional physiological
pressures as a result of warming winter temperatures could be detrimental. The matchmismatch hypothesis postulates that larval survival is dependent on a temporal and spatial
match between larval feeding capabilities, such as swimming ability and prey acquisition,
and prey availability (Cushing 1990). Warmer incubation temperatures lead to earlier
hatch dates and altered morphological developments, such as smaller lengths and larger
yolk sacs, that reduce larval feeding efficiency (Dabrowski et al., 1988), compared to
colder incubated embryos (Karjalainen et al. 2015; Stewart, Mäkinen, et al. 2021). The
selective pressures from elevated temperatures on embryonic and larval coregonine
development and survival may lead to adaptation, but the thermal trigger for the response
and the mechanism of the response are unknown. Consequently, quantifying the potential
response and adaptive capacity of cisco to warming winter and spring water temperatures
is needed.
We experimentally evaluated how cisco embryo incubation temperatures
influenced the survival and performance of hatching larvae within and between two Great
Lakes cisco populations. We hypothesized that warmer, sub-optimal cisco embryo
incubation temperatures decrease larval survival, growth, and critical thermal limits
compared to embryo incubation temperatures that mimic cold, pre-climate change
conditions. If our hypothesis is supported, we would expect a negative relationship
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between embryo incubation temperature and the larval traits examined for wild cisco
populations when reared artificially.
Methods
Ethics
All work described here was approved for ethical animal care under University of
Vermont’s Institutional Animal Care and Use Committee (Protocol #
PROTO202000021).
Crossing Design and Fertilization
Cisco were collected from the Apostle Islands, Lake Superior (46.85°, -90.55°)
and Chaumont Bay, Lake Ontario (44.05°, -76.20°) in December 2019. Eggs and milt
were stripped from 12 females and 16 males from each population and artificially
fertilized under a blocked, nested full-sib, half-sib fertilization design to create a
maximum of 48 families. A single fertilization block consisted of four males each paired
to three unrelated females, where all offspring of a given female were full siblings
(Stewart, Mäkinen, et al. 2021).
For clarity, our operational use of a population represents a single species
sampled from a single location within a single lake (e.g., cisco from the Apostle Islands
region in Lake Superior). Our sampling efforts represent a single location within large
lakes and does not likely capture the possible genetic variation within a species or
population.
Rearing Conditions
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Full embryo incubation methods are described in Stewart et al. (2021). Embryos
were incubated in 24-well cell culture microplates placed in climate-controlled chambers
(Memmert® IPP260Plus) at mean (SD) constant temperatures of 2.0 (0.5), 4.4 (0.2), 6.9
(0.2), and 8.9 (0.3)°C. These temperatures were selected to mimic present and potentially
warmer winter temperatures (Titze & Austin 2014) at typical cisco spawning depths
(<100 m, Goodyear, 1982). Reconstituted freshwater medium was used during
fertilizations and incubations (International Organization For Standardization 6341,
2012) to standardize the chemical properties of the water among all treatments and
between populations. After hatching, larvae were photographed alive and ventrally
(Nikon® D5600 and Nikon® AF-S DX 18-55mm lens). Total length was measured from
images using Olympus® LCmicro.
Newly-hatched larvae were transferred to rearing tanks segregated by population
and incubation temperature. Larvae from Lake Superior were reared in four (4 incubation
treatments x 1 replicate) 150-liter oval tanks. Larvae from Lake Ontario were reared in
eight (4 incubation treatments x 2 replicates) 150-liter oval tanks. Lake Ontario larvae
were divided equally by families (i.e., up to 24 of 48 total larvae per family per replicate
tank) into replicate tanks per incubation temperature treatment. Lake Superior larvae
were unreplicated as a result of low fertilization success and embryo survival insufficient numbers were available for multiple rearing tanks. All rearing tanks were
supplied with chilled, recirculating water maintained at 6.5°C [mean (SD) = 6.36 (1.17)].
Water temperatures (±0.2°C) were recorded hourly. Larvae in all rearing tanks were
exposed to the same photoperiod cycle (i.e.,12-hr light, 12-hr dark) with gradual sunrise
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and sunset transitions. Full spectrum (i.e., 380-780 nm), white LED lights (AquaShift®
MLA-WH) were used to simulate daylight. Dead larvae were removed and counted each
day. Larvae were fed Artemia immediately upon hatch and transitioned to Otohime A1
(75-150 µm) dry feed one-week post-hatch. Food was provided once daily by hand and
ad libitum.
Thermal Challenge
After 60 days post-hatch, larvae from each population, incubation treatment, and
replicate rearing tank were thermally challenged. Because larvae within and among
rearing tanks did not hatch on the same day, 60-days post-hatch was calculated from the
date of 50% hatching for each rearing tank. Larvae were transferred to 5.4-liter clear,
rectangular tanks, with two replicate tanks per rearing tank and approximately 50 larvae,
or as many available, were used in each replicate tank. Water temperature was 10°C and
larvae were allowed to acclimate to this temperature for 12 hours prior to the thermal
challenge. The water in the thermal challenge system was recirculated among all replicate
tanks and aerated. During the thermal challenge, water temperatures were raised from
10.0°C at a constant rate of 0.5°C per 30 minutes until all larvae were deceased. Larvae
were considered terminated when loss of equilibrium was achieved and were motionless
for at least 5 seconds. Once endpoint criteria were met, larvae were euthanized (AQUI-S®
20-E), photographed, and preserved in 95% ethanol. The elapsed time from the start of
acclimation to termination and temperature at termination of each individual larvae was
recorded and total length was measured from the images.
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All larvae from the 8.9°C treatment died during the acclimation period from an
unknown cause, thus, only thermal challenge data from 2.0, 4.4, and 6.9°C are presented.
Statistical Analyses
All statistical analyses were performed in R version 4.0.5 (R Core Team 2021).
Larval survival was estimated for each rearing tank, across all families, as the
percent of larvae surviving between hatching and 60 days after the date of 50% hatching.
Our estimates of larval survival from Lake Superior are unreplicated. However, useful
information can still be gleaned without strict statistical testing (e.g., Davies and Gray,
2015). Observations of single estimates of larval survival across incubation temperatures
could foster further hypotheses and lead to more focused studies.
Similar to larval survival estimates, larval growth rate estimates for Lake Superior
were unreplicated. To this end, we qualitatively compared absolute growth rates between
populations and across incubation temperatures by generating bootstrapped confidence
intervals for the observed absolute growth rate estimates. For each population, incubation
temperature treatment, and replicate rearing tank, a bootstrapped mean length-at-hatch
was calculated from random sampling with replacement from the observed lengths-athatch, and a bootstrapped mean final length was calculated from random sampling with
replacement from the observed final lengths. The difference between the bootstrapped
mean final length and bootstrapped mean length-at-hatch was calculated and divided by
the duration of the larval experiment (i.e., absolute growth rate). The bootstrap procedure
was repeated 10,000 times. The bootstrapped absolute growth rate distributions were
used to calculate the 2.5 and 97.5 percentile values (i.e., 95% confidence interval) as a
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measure of variation around the observed absolute growth rate, and to qualitatively assess
the likelihood of differences in growth among populations and incubation temperature
treatments, in absence of replication. For Lake Ontario, the 95% confidence intervals
were calculated as the mean 2.5 and 97.5% percentiles across replicate tanks.
Comparisons were made by examining the overlap of the observed mean absolute growth
rate to the bootstrapped 95% confidence intervals of all pairwise comparisons.
The critical thermal maxima (CTMax) of larval cisco from each population and
incubation temperature treatment was expressed as the arithmetic mean of the
temperature at which endpoint criteria were reached (Mora & Ospina 2001). Although we
have estimates for each individual larva within replicate thermal challenge tanks, the
larvae from Lake Superior were reared in a single rearing tank and thus the estimates are
not independent and cannot be treated as true replicates. Therefore, a similar bootstrap
approach as described for larval growth was used to qualitatively compare CTMax
among populations and incubation temperature treatments. For each population,
incubation temperature treatment, and replicate rearing tank, we generated a bootstrap
sample by randomly selecting, with replacement, a termination temperature n times,
where n equals the number of observations in the experiment. The CTMax was calculated
for each bootstrapped sample and the distribution of bootstrapped CTMax was used to
calculate the 95% confidence interval as a measure of variation around the observed
CTMax. The bootstrap procedure was repeated 10,000 times. For Lake Ontario, the 95%
confidence intervals were calculated as the mean 2.5 and 97.5% percentiles across
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replicate tanks. Comparisons were made by examining the overlap of the observed mean
CTMax to the bootstrapped 95% confidence intervals of all pairwise comparisons.
Results
Larval Survival
A total of 9,605 larvae hatched and were reared from lakes Superior (2,332
larvae) and Ontario (7,273 larvae) across all incubation temperatures. Larval survival was
highest at the 2.0°C incubation temperature and decreased with warming incubation
temperatures for both populations (Figure 4.1). Survival rates were 38.7% at 2.0°C,
17.7% at 4.4°C, 1.1% at 6.9°C, and 5.4% at 8.9°C for Lake Superior larvae and 43.3% at
2.0°C, 35.3% at 4.4°C, 12.4% at 6.9°C, and 2.6% at 8.9°C for Lake Ontario larvae.
Larval survival was higher for Lake Ontario larvae than Lake Superior larvae across all
incubation temperature treatments, except 8.9°C. Lake Ontario larvae had similar
survival rates (< 9% difference) at the 2.0 and 4.4°C incubation temperatures, whereas
Lake Superior larval survival decreased 21% from the 2.0° to 4.4°C incubation
temperatures (Figure 4.1).
Larval Growth
Larval cisco absolute growth rates increased with warming incubation
temperatures in both populations (Figure 4.2). Larvae from Lake Superior had lower
absolute growth rates at 2.0 and 4.4°C (0.049 and 0.044 mm day-1, respectively)
compared to Lake Ontario (0.056 and 0.061 mm day-1, respectively). Absolute growth
rates were highest at 6.9°C for Lake Superior (0.057 mm day-1) and 8.9°C for Lake
Ontario (0.078 mm day-1), and both populations had similar absolute growth rates
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between 6.9 and 8.9°C (mean difference <0.001 and 0.012 mm day-1, respectively; Figure
4.2).
Thermal Challenge
Critical thermal limit in larval cisco decreased with warming incubation
temperatures in Lake Superior and Lake Ontario (Figure 4.3). Larvae from Lake Superior
incubated at 2.0°C had the highest CTMax (25.81°C). However, CTMax in Lake
Superior decreased by 0.83 and 0.77°C between the 2.0 to 4.4°C and the 4.4 and 6.9°C
incubation temperature treatments, respectively. CTMax was similar for Lake Ontario
larvae incubated at 2.0 and 4.4°C (24.99 and 24.96°C, respectively) and decreased at
6.9°C (24.67°C).
Discussion
Survival, growth rates, and critical thermal limits of cisco larvae from lakes
Superior and Ontario were influenced by embryo incubation temperatures that were
warmer than current natural winter water temperatures in these lakes. First, we found a
negative relationship between larval survival and embryo incubation temperature.
Second, warmer embryo incubation temperatures increased larval growth rates. Third,
critical thermal limits decreased with warming incubation temperatures. Lastly, the
magnitude of change across incubation temperature treatments was greater in cisco from
the historically colder Lake Superior than Lake Ontario for all traits examined. These
results suggest increased risk to Laurentian Great Lakes cisco populations in response to
projected climatic warming.
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Our hypothesis that larval survival is highest at the coldest incubation
temperature, which mimicked the natural lake environment, was supported. Between the
two lakes, Lake Superior cisco had a sharper decline in larval survival from 2.0 to 4.4°C
compared to Lake Ontario cisco. Though both populations are cold adapted, the result
suggests Lake Superior cisco were more cold-water adapted than those from Lake
Ontario. Lake Superior is colder than Lake Ontario (Millar 1952; Mason et al. 2016) and
spawning cisco from Lake Superior were collected at an open lake location, whereas
spawning cisco from Lake Ontario cisco were collected in a shallow, protected bay.
Water temperatures in shallower protected habitats increase more rapidly after ice-out
and have higher maximum spring and summer temperatures (i.e., Lake Ontario sampling
location; Minns et al., 2011) compared to deeper, open-water locations (i.e., Lake
Superior sampling location; Titze and Austin, 2014) because the heat capacity of water is
positively related to depth and water is mixed less in protected bays (Assel et al. 2003;
Verburg & Antenucci 2010; Gan & Liu 2020). Interactions among winter and spring
temperatures, hatching dates, zooplankton availability and larval size-dependent
predation mortality influence year-class strength of vendace (C. albula) and European
whitefish (C. lavaretus) in Europe (Miller et al. 1988; Marjomäki et al. 2004; Anneville
et al. 2009; Mehner et al. 2011). Spring warming rates in particular appear to play a
critical role in prey availability and larval growth and survival of autumn-spawning
coregonines (Myers et al. 2014; Karjalainen et al. 2015).
The transition from endogenous to exogenous feeding is critical to larval fish
survival (Hjort 1914; Cushing 1990). Higher winter temperatures induce earlier
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coregonine embryo hatching and cause larvae to have smaller lengths-at-hatch and larger
yolk-sac volumes (Karjalainen et al. 2015; Stewart, Mäkinen, et al. 2021). Larvae
hatching with larger yolk sacs may have more time to transition to exogenous feeding
(Hjort 1914; Miller et al. 1988; Lucke et al. 2020), but at a cost to swimming efficiency
and predator avoidance (Dabrowski et al., 1988; Myers et al., 2014). In wild populations,
earlier hatching may also increase the mismatch between the onset of spring plankton
blooms and larval prey, increasing the risk for starvation and higher larval mortality
(Cushing 1990; Myers et al. 2014). Interactions among winter and spring temperatures,
hatching dates, zooplankton availability and larval size-dependent predation mortality
influence year-class strength of vendace (C. albula) and European whitefish (C.
lavaretus) in Europe (Miller et al. 1988; Marjomäki et al. 2004; Anneville et al. 2009;
Mehner et al. 2011). Spring warming rates in particular appear to play a critical role in
prey availability and larval growth and survival of autumn-spawning coregonines (Myers
et al. 2014; Karjalainen et al. 2015). Our experiment provided cisco larvae a predator-free
environment with ad libitum food immediately after hatching, yet we still observed sharp
declines in larval survival for those incubated at increased temperatures. We suggest an
additional or alternative hypothesis for a survival bottleneck under climate change
scenarios is that larval cisco survival may not be as limited by prey availability but
instead by reduced physiological condition caused by warmer embryo incubations.
Rapid larval growth is associated with high survival (Ware 1975; Blaxter 1986;
Miller et al. 1988; Houde 1989a; Myers et al. 2014). In our experiment, larval cisco
exhibited low survival despite higher absolute growth rates when incubated at warmer
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temperatures. These results did not support our hypothesis that warmer, sub-optimal cisco
incubation temperatures decrease larval growth rates. Coregonine embryos incubated at
high temperatures (i.e., > 6°C) often hatch prematurely and are underdeveloped (Price
1940; Colby & Brooke 1970). Warmer incubations may require free-floating embryos to
rapidly convert yolk for development. In this sense, higher absolute growth rates gained
from warming incubation temperatures may not be optimal for survival. Larval cisco
from Lake Superior use a mixed-feeding strategy with endogenous energy reserves (i.e.,
yolk) and exogenous feeding overlapping at lengths between 10.0-12.0 mm (Lucke et al.
2020). Embryos incubated at colder temperatures (i.e., 2.0 and 4.4°C) from the sampled
populations of lakes Superior and Ontario cisco had mean lengths-at-hatch from 9.9-11.3
mm, whereas mean lengths-at-hatch ranged from 8.7-9.7 mm at the warmest incubation
temperature (8.9°C; Stewart, Mäkinen, et al. 2021; Stewart, Vinson, et al. 2021a). A
combination of field and experimental data suggests that cold, long incubations with
prolonged development results in larger length-at-hatch with less endogenous energy
reserves, the ability to immediately use a mixed endogenous and exogenous feeding
strategy, and lower growth rates could be the best scenario to maximize larval survival
(Lucke et al. 2020; Stewart, Mäkinen, et al. 2021). However, this ‘goldilocks scenario’
may only work if all biotic and abiotic conditions (e.g., water temperature, appropriately
sized prey, etc.) match cisco phenotypes. This hypothesis remains to be tested, as our
experiments provided a stable and optimal temperature and feeding environment,
conditions that cannot be assumed to occur in the wild.
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The ability of larval cisco to use favorable nursery habitat near the lake surface is
directly related to their ability to tolerate spring-summer surface water temperatures. The
increase in CTMax with decreased incubation temperature supported our hypothesis that
cold, pre-climate change conditions would maximize thermal performance. The different
magnitudes of change between cisco from lakes Superior and Ontario could be explained
from evolutionary adaptations to local conditions. Fish populations from high-latitude,
low-temperature locales often compensate for slower metabolism and lower growth rates
by having more efficient physiological performance than low-latitude populations (i.e.,
countergradient variation; (Conover & Present 1990; Jonassen et al. 2000; Reist et al.
2006). Lake Superior experiences colder and less seasonal variation in water temperature
than Lake Ontario (Zhang et al. 2018; Calamita et al. 2021), and larval cisco from Lake
Superior may have more efficient physiological adaptations (e.g., cardiac and respiratory
performance) which could explain the high thermal tolerance at cold incubation
temperatures and sensitivity to increased temperatures. Our results suggest research on
mechanisms driving the observed differences in CTMax between populations (e.g.,
cardiac failure, oxidative damage to tissue, body mass, stress biomarkers, protein
denaturation, etc.) may prove insightful.

Our results have implications for current and proposed hatchery-based restoration
efforts of coregonines in the Laurentian Great Lakes (Bronte et al. 2017). We found that
cisco offspring from two of the Great Lakes raised at warm incubation temperatures (i.e.,
> 4.5°C) had lower overall performance than individuals incubated at cold temperatures
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(i.e., < 4.5°C). Many coregonine hatchery facilities around the Great Lakes do not or
cannot incubate embryos under natural lake thermal conditions (i.e., cold water
temperatures, < 4.5°C; Bronte et al., 2017). Hatchery-produced fish can have lower
fitness in natural environments than wild fish (Araki et al. 2008; Bailey et al. 2010;
Christie et al. 2014). Offspring from parents haphazardly selected for artificial breeding
and reared in captivity before release have the potential to induce strong directional
selection and harm naturally recruiting populations (Araki & Schmid 2010; Tingley III et
al. 2019). Transgenerational effect of lower larval performance and its potential effect on
the response to selection are unknown but warrants investigation (Ford 2002; Araki et al.
2008; Araki & Schmid 2010; Christie et al. 2014). The consequences an artificial
environment may have on the genetic diversity within a population and fitness of poststocking individuals needs to be considered in ongoing restoration and conservation
efforts (Tingley III et al. 2019).
Identifying the genetic mechanisms (i.e., SNPs and gene expression) involved in
the thermal adaptation and acclimation of coregonine populations is an important next
step. Variation in certain genetic markers and survival under thermal stress may allow
managers to determine the genotypes associated with increased survival at variable or
increasing temperatures (Narum et al. 2013). Examining gene expression across
populations and temperature treatments will help identify and evaluate the function of
differentially expressed genes and potential physiological pathways that may be
disproportionately under- or over-represented with thermal stress (Rougeux et al. 2018).
Furthermore, the combination of genomic tools (e.g., genome-wide association study and
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RNA-seq) in thermal ecology experiments can provide valuable insight into the
functional significance of markers associated with thermal tolerance (Rougeux et al.
2018). Considerable progress has been recently made in advancing our genomic
knowledge of Laurentian Great Lakes coregonines that will provide a foundation for this
work (Ackiss et al., 2020; Blumstein et al., 2020; Eaton et al., 2021; Lachance et al.,
2021).
Conclusions
The rapidity at which winter environments are changing has revealed our ‘blind
spot’ for winter biology (Ozersky et al. 2021). The results presented here and elsewhere
(Karjalainen et al. 2015; Karjalainen, Jokinen, et al. 2016; Stewart, Mäkinen, et al. 2021;
Stewart, Vinson, et al. 2021a) focus on how coregonine reproduction may be impacted by
a warming climate and suggest that while we have much to learn, the effects of warming
winters will vary among populations and with the magnitude of warming. These results
highlight the importance of integrating natural habitat preferences into stock propagation
programs to ensure offspring are set up for success upon reintroduction. A challenge for
managers and propagation facilities is to consider the impact embryo incubation
conditions may have on larval survival and performance in relation to production targets.
Additionally, propagation and stocking may accomplish the short-term restoration
objective of supplementing wild populations, but other limiting factors (e.g., habitat loss,
anthropogenic disturbances, water quality, invasive species) also need to be addressed to
achieve long-term population conservation and viability (Tingley III et al. 2019).
Maximizing phenotypic variation and adaptability to changing conditions (i.e., portfolio
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effect; Schindler et al., 2015, 2010) is a strong consideration in restoration and
conservation efforts. Embracing management strategies that foster increased early-life
stage fitness could improve the ability of coregonines to cope with environmental change
in the wild and aid in addressing recruitment bottlenecks.
Acknowledgments
We thank staff at the Wisconsin Department of Natural Resources Bayfield
Fisheries Field Station, U. S. Geological Survey (USGS) Tunison Laboratory of Aquatic
Science, and New York State Department of Environmental Conservation Cape Vincent
Fisheries Station for field collections of spawning adults. Rachel Taylor, Dan Yule, and
Caroline Rosinski helped with fertilizations and incubation experiment maintenance.
Kevin Keeler provided the USGS solicited review that strengthened the manuscript, as
did anonymous peer reviewers and Stockwell and Dr. Ellen Marsden laboratory
members. This work was funded by the USGS [grant/cooperative agreement number
G16AP00087 and G17AC00042] to the Vermont Water Resources and Lakes Studies
Center and the University of Vermont. Additionally, this work was made possible with
funds made available to Lake Champlain by Senator Patrick Leahy through the Great
Lakes Fishery Commission. Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the U.S. Government.
Literature Cited
Ackiss AS, Larson WA, Stott W. 2020. Genotyping‐by‐sequencing illuminates high
levels of divergence among sympatric forms of coregonines in the Laurentian
Great Lakes. Evol Appl. 13(5):1037–1054.
Anneville O, Lasne E, Guillard J, Eckmann R, Stockwell JD, Gillet C, Yule DL. 2015.
Impact of Fishing and Stocking Practices on Coregonid Diversity. Food Nutr Sci.
06(11):1045–1055.
120

Anneville O, Souissi S, Molinero JC, Gerdeaux D. 2009. Influences of human activity
and climate on the stock‐recruitment dynamics of whitefish, Coregonus
lavaretus, in Lake Geneva. Fish Manag Ecol. 16(6):492–500.
Araki H, Berejikian BA, Ford MJ, Blouin MS. 2008. Fitness of hatchery‐reared
salmonids in the wild. Evol Appl. 1(2):342–355.
Araki H, Schmid C. 2010. Is hatchery stocking a help or harm?: Evidence, limitations and
future directions in ecological and genetic surveys. Aquaculture. 308(1):S2–S11.
Assel RA, Cronk K, Norton D. 2003. Recent trends in Laurentian Great Lakes ice cover.
Clim Change. 57(1–2):185–204.
Austin JA, Colman SM. 2008. A century of temperature variability in Lake Superior.
Limnol Oceanogr. 53(6):2724–2730.
Bailey MM, Lachapelle KA, Kinnison MT. 2010. Ontogenetic selection on hatchery
salmon in the wild: natural selection on artificial phenotypes. Evol Appl.
3(4):340–351.
Baldwin NA, Saalfeld RW, Dochoda MR, Buettner HJ, Eshenroder RL. 2009.
Commercial fish production in the Great Lakes, 1867–2006. Gt Lakes Fish Comm
[Internet]. http://www.glfc.org/commercial/commerc.php
Blaxter JHS. 1986. Development of sense organs and behaviour of teleost larvae with
special reference to feeding and predator avoidance. Trans Am Fish Soc. 115:98–
114.
Blumstein DM, Campbell MA, Hale MC, Sutherland BJG, McKinney GJ, Stott W,
Larson WA. 2020. Comparative genomic analyses and a novel linkage map for
cisco (Coregonus artedi) provide insights into chromosomal evolution and
rediploidization across salmonids. G3 Genes, Genomes, Genet. 10(8):2863–2878.
Bogue MB. 2001. Fishing the Great Lakes: an environmental history, 1783–1933.
Madison, Wisconsin: Univ of Wisconsin Press.
Brett JR. 1979. Environmental Factors and Growth. In: Hoar WS, Randall DJ, Brett JR,
editors. Fish Physiol vol VIII Bioenerg Growth. New York: Academic Press; p.
599–677.
Bronte CR, Bunnell DB, David SR, Gordon R, Gorsky D, Millard MJ, Read J, Stein RA,
Vaccaro L. 2017. Report from the workshop on coregonine restoration science.
Reston, Virginia: US Geological Survey.
Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. 2004. Toward a metabolic
theory of ecology. Ecology. 85(7):1771–1789.
121

Bruge A, Alvarez P, Fontán A, Cotano U, Chust G. 2016. Thermal niche tracking and
future distribution of Atlantic mackerel spawning in response to ocean warming.
Front Mar Sci. 3:86.
Busch S, Kirillin G, Mehner T. 2012. Plasticity in habitat use determines metabolic
response of fish to global warming in stratified lakes. Oecologia. 170(1):275–287.
Calamita E, Piccolroaz S, Majone B, Toffolon M. 2021. On the role of local depth and
latitude on surface warming heterogeneity in the Laurentian Great Lakes. Inl
Waters.:1–15.
Chiarappa MJ. 2005. Overseeing the family of whitefishes: The priorities and debates of
coregonid management on America’s Great Lakes, 1870-2000. Environ Hist .
11:163–194.
Christensen JH, Hewitson B, Busuioc A, Chen A, Gao X, Held R, Jones R, Kolli RK,
Kwon WKT, Laprise R, et al. 2007. Regional Climate Projections. United
Kingdom: Cambridge University Press.
Christie MR, Ford MJ, Blouin MS. 2014. On the reproductive success of early‐
generation hatchery fish in the wild. Evol Appl. 7(8):883–896.
Van Cleave K, Lenters JD, Wang J, Verhamme EM. 2014. A regime shift in Lake
Superior ice cover, evaporation, and water temperature following the warm El
Niño winter of 1997–1998. Limnol Oceanogr. 59(6):1889–1898.
Colby PJ, Brooke LT. 1970. Survival and development of lake herring (Coregonus
artedii) eggs at various incubation temperatures. In: Lindsey C, Woods C, editors.
Biol Coregonid Fishes. Winnipeg, Canada: University of Manitoba Press; p. 417–
428.
Comte L, Olden JD. 2017. Evolutionary and environmental determinants of freshwater
fish thermal tolerance and plasticity. Glob Chang Biol. 23(2):728–736.
Conover DO, Present MC. 1990. Countergradient variation in growth rate: compensation
for length of the growing season among Atlantic silversides from different
latitudes. Oecologica. 83(3):316–324.
Cushing DH. 1990. Plankton production and year-class strength in fish populations: An
update of the match/mismatch hypothesis. Adv Mar Biol. 26(C):249–293.
Dabrowski K, Takashima F, Law YK. 1988. Bioenergetic model of planktivorous fish
feeding, growth and metabolism: theoretical optimum swimming speed of fish
larvae. J Fish Biol. 32(3):443–458.

122

Dahlke FT, Wohlrab S, Butzin M, Pörtner H-O. 2020. Thermal bottlenecks in the life
cycle define climate vulnerability of fish. Science. 369(6499):65–70.
Davies GM, Gray A. 2015. Don’t let spurious accusations of pseudoreplication limit our
ability to learn from natural experiments (and other messy kinds of ecological
monitoring). Ecol Evol. 5(22):5295–5304.
Eaton KM, Bernal MA, Backenstose NJC, Yule DL, Krabbenhoft TJ. 2021. Nanopore
amplicon sequencing reveals molecular convergence and local adaptation of
rhodopsin in Great Lakes salmonids. Genome Biol Evol. 13(2):evaa237.
Elliott JA, Bell VA. 2011. Predicting the potential long-term influence of climate change
on vendace (Coregonus albula) habitat in Bassenthwaite Lake, U.K. Freshw Biol.
56(2):395–405.
Eshenroder RL, Vecsei P, Gorman OT, Yule DL, Pratt TC, Mandrak NE, Bunnell DB,
Muir AM. 2016. Ciscoes (Coregonus, subgenus Leucichthys) of the Laurentian
Great Lakes and Lake Nipigon. Gt Lakes Fish Comm Misc Publ. 1:156.
Ford MJ. 2002. Selection in captivity during supportive breeding may reduce fitness in
the wild. Conserv Biol. 16(3):815–825.
Gan G, Liu Y. 2020. Heat Storage Effect on Evaporation Estimates of China’s Largest
Freshwater Lake. J Geophys Res Atmos. 125(19):1–14.
Gillooly JF, Charnov EL, West GB, Savage VM, Brown JH. 2002. Effects of size and
temperature on developmental time. Nature. 417(6884):70–73.
Goodyear CD. 1982. Atlas of the spawning and nursery areas of Great Lake fishes.
Washington, D.C.: US Fish and Wildlife Service.
Hjort J. 1914. Fluctuations in the great fisheries of Northern Europe. In: Rapp ProcésVerbaux. Vol. 20. Copenhagen: ICES; p. 1–228.
Houde ED. 1989. Comparative growth, mortality, and energetics of marine fish larvae:
temperature and implied latitudinal effects. Fish Bull. 87(3):471–495.
International Organization For Standardization 6341. 2012. Water quality —
Determination of the inhibition of the mobility of Daphnia magna Straus
(Cladocera, Crustacea) — Acute toxicity test. Int Organ Stand [Internet].
https://www.iso.org/standard/54614.html
Isaak DJ. 2014. Climate Change and the Future of Freshwater Fisheries. In: Taylor WW,
Lynch AJ, Leonard NJ, editors. Futur Fish Perspect Emerg Prof. Bethesda, MD:
American Fisheries Society; p. 435–441.
123

Jeppesen E, Mehner T, Winfield IJ, Kangur K, Sarvala J, Gerdeaux D, Rask M,
Malmquist HJ, Holmgren K, Volta P, et al. 2012. Impacts of climate warming on
the long-term dynamics of key fish species in 24 European lakes. Hydrobiologia.
694:1–39.
Jonassen T, Imsland AK, Fitzgerald R, Bonga SW, Ham E V, Nævdal G, Stefánsson MO,
Stefansson SO. 2000. Geographic variation in growth and food conversion
efficiency of juvenile Atlantic halibut related to latitude. J Fish Biol. 56(2):279–
294.
Jonsson B, Jonsson N. 2014. Early environment influences later performance in fishes. J
Fish Biol. 85(2):151–188.
Karjalainen J, Jokinen L, Keskinen T, Marjomäki TJ. 2016. Environmental and genetic
effects on larval hatching time in two coregonids. Hydrobiologia. 780(1):135–
143.
Karjalainen J, Juntunen J, Keskinen T, Koljonen S, Nyholm K, Ropponen J, Sjövik R,
Taskinen S, Marjomäki TJ. 2019. Dispersion of vendace eggs and larvae around
potential nursery areas reveals their reproductive strategy. Freshw Biol.
64(5):843–855.
Karjalainen J, Keskinen T, Pulkkanen M, Marjomäki TJ. 2015. Climate change alters the
egg development dynamics in cold-water adapted coregonids. Environ Biol
Fishes. 98(4):979–991.
Karjalainen J, Tuloisela M, Nyholm K, Marjomäki TJ. 2021. Vendace (Coregonus
albula) disperse their eggs widely during spawning. Ann Zool Fennici. 58:141–
153.
Koelz WN. 1929. Coregonid fishes of the Great Lakes. Bull United States Bur Fish.
43(2):297–643.
Lachance H, Ackiss AS, Larson WA, Vinson MR, Stockwell JD. 2021. Genomics reveals
identity, phenology and population demographics of larval ciscoes (Coregonus
artedi, C. hoyi, and C. kiyi) in the Apostle Islands, Lake Superior. J Great Lakes
Res. In Review.
Little AG, Loughland I, Seebacher F. 2020. What do warming waters mean for fish
physiology and fisheries? J Fish Biol. 97:328–340.
Lucke VS, Stewart TR, Vinson MR, Glase JD, Stockwell JD. 2020. Larval Coregonus
spp. diets and zooplankton community patterns in the Apostle Islands, Lake
Superior. J Great Lakes Res. 46(5):1391–1401.

124

Maberly SC, O’Donnell RA, Woolway RI, Cutler MEJ, Gong M, Jones ID, Merchant CJ,
Miller CA, Politi E, Scott EM. 2020. Global lake thermal regions shift under
climate change. Nat Commun. 11(1):1–9.
Marjomäki TJ, Auvinen H, Helminen H, Huusko A, Sarvala J, Valkeajärvi P, Viljanen
M, Karjalainen J. 2004. Spatial synchrony in the inter-annual population variation
of vendace (Coregonus albula (L.)) in Finnish lakes. Ann Zool Fennici.
41(1):225–240.
Mason LA, Riseng CM, Gronewold AD, Rutherford ES, Wang J, Clites A, Smith SDP,
McIntyre PB. 2016. Fine-scale spatial variation in ice cover and surface
temperature trends across the surface of the Laurentian Great Lakes. Clim
Change. 138(1):71–83.
Mehner T, Emmrich M, Kasprzak P. 2011. Discrete thermal windows cause opposite
response of sympatric cold‐water fish species to annual temperature variability.
Ecosphere. 2(9):1–16.
Millar FG. 1952. Surface temperatures of the Great Lakes. J Fish Board Canada.
9(7):329–394.
Miller TJ, Crowder LB, Rice JA, Marschall EA. 1988. Larval Size and Recruitment
Mechanisms in Fishes: Toward a Conceptual Framework. Can J Fish Aquat Sci.
45(9):1657–1670.
Minns CK, Moore JE, Doka SE, St. John MA. 2011. Temporal trends and spatial patterns
in the temperature and oxygen regimes in the Bay of Quinte, Lake Ontario, 1972–
2008. Aquat Ecosyst Health Manag. 14(1):9–20.
Mora C, Ospina A. 2001. Tolerance to high temperatures and potential impact of sea
warming on reef fishes of Gorgona Island (tropical eastern Pacific). Mar Biol.
139(4):765–769.
Myers JT, Yule DL, Jones ML, Quinlan HR, Berglund EK. 2014. Foraging and predation
risk for larval cisco (Coregonus artedi) in Lake Superior: A modelling synthesis
of empirical survey data. Ecol Modell. 294:71–83.
Narum SR, Campbell NR, Meyer KA, Miller MR, Hardy RW. 2013. Thermal adaptation
and acclimation of ectotherms from differing aquatic climates. Mol Ecol.
22(11):3090–3097.
Nyberg P, Bergstrand E, Degerman E, Enderlein O. 2001. Recruitment of pelagic fish in
an unstable climate: studies in Sweden’s four largest lakes. Ambio. 30(8):559–
564.

125

O’Reilly CM, Rowley RJ, Schneider P, Lenters JD, Mcintyre PB, Kraemer BM. 2015.
Rapid and highly variable warming of lake surface waters around the globe.
Geophys Res Lett. 42(24):1–9.
Ohlberger J, Staaks G, Hölker F. 2007. Effects of temperature, swimming speed and body
mass on standard and active metabolic rate in vendace (Coregonus albula). J
Comp Physiol. 177(8):905–916.
Ozersky T, Bramburger AJ, Elgin AK, Vanderploeg HA, Wang J, Austin JA, Carrick HJ,
Chavarie L, Depew DC, Fisk AT. 2021. The changing face of winter: Lessons and
questions from the Laurentian Great Lakes. JGR Biogeosciences. 126(6):1–25.
Price JW. 1940. Time-temperature relations in the incubation of the whitefish, Coregonus
clupeaformis (Mitchill). J Gen Physiol. 23(4):449–468.
R Core Team. 2021. R: A Language and Environment for Statistical Computing
[Internet]. https://www.r-project.org/
Reist JD, Wrona FJ, Prowse TD, Power M, Dempson JB, Beamish RJ, King JR,
Carmichael TJ, Sawatzky CD. 2006. General effects of climate change on Arctic
fishes and fish populations. AMBIO A J Hum Environ. 35(7):370–380.
Rook BJ, Hansen MJ, Goldsworthy CA, Ray BA, Gorman OT, Yule DL, Bronte CR.
2021. Was historical cisco Coregonus artedi yield consistent with contemporary
recruitment and abundance in Lake Superior? Fish Manag Ecol.
Rougeux C, Gagnaire P-A, Praebel K, Seehausen O, Bernatchez L. 2018. Convergent
transcriptomic landscapes under polygenic selection accompany inter- continental
parallel evolution within a Nearctic Coregonus (Salmonidae) sister- species
complex. bioRxiv [Internet].
https://www.biorxiv.org/content/biorxiv/early/2018/04/30/311464.full.pdf
Schindler DE, Armstrong JB, Reed TE. 2015. The portfolio concept in ecology and
evolution. Front Ecol Environ. 13(5):257–263.
Schindler DE, Hilborn R, Chasco B, Boatright CP, Quinn TP, Rogers LA, Webster MS.
2010. Population diversity and the portfolio effect in an exploited species. Nature.
465(7298):609–612.
Schindler DW, Beaty KG, Fee EJ, Cruikshank DR, DeBruyn ER, Findlay DL, Linsey
GA, Shearer JA, Stainton MP, Turner MA. 1990. Effects of Climatic Warming on
Lakes of the Central Boreal Forest. Science. 250(4983):967–970.
Stewart TR, Mäkinen M, Goulon C, Guillard J, Marjomäki TJ, Lasne E, Karjalainen J,
Stockwell JD. 2021. Influence of warming temperatures on coregonine
embryogenesis within and among species. Hydrobiologia. 848(18):4363–4385.
126

Stewart TR, Vinson MR, Stockwell JD. 2021. Shining a light on Laurentian Great Lakes
cisco (Coregonus artedi): how ice coverage may impact embryonic development.
J Great Lakes Res.
Stockwell JD, Ebener MP, Black JA, Gorman OT, Hrabik TR, Kinnunen RE, Mattes WP,
Oyadomari JK, Schram ST, Schreiner DR, et al. 2009. A Synthesis of Cisco
Recovery in Lake Superior: Implications for Native Fish Rehabilitation in the
Laurentian Great Lakes. North Am J Fish Manag. 29(3):626–652.
Sunday JM. 2020. When do fish succumb to heat? Science. 369(6499):35–36.
Tingley III RW, Paukert C, Sass GG, Jacobson PC, Hansen GJA, Lynch AJ, Shannon
PD. 2019. Adapting to climate change: guidance for the management of inland
glacial lake fisheries. Lake Reserv Manag. 35(4):435–452.
Titze DJ, Austin JA. 2014. Winter thermal structure of Lake Superior. Limnol Oceanogr.
59(4):1336–1348.
Verburg P, Antenucci JP. 2010. Persistent unstable atmospheric boundary layer enhances
sensible and latent heat loss in a tropical great lake: Lake Tanganyika. J Geophys
Res Atmos. 115(D11).
Ware DM. 1975. Relation between egg size, growth, and natural mortality of larval fish. J
Fish Board Canada. 32(12):2503–2512.
Winslow LA, Read JS, Hansen GJA, Rose KC, Robertson DM. 2017. Seasonality of
change: Summer warming rates do not fully represent effects of climate change
on lake temperatures. Limnol Oceanogr. 62(5):2168–2178.
Woolway RI, Kraemer BM, Lenters JD, Merchant CJ, O’Reilly CM, Sharma S. 2020.
Global lake responses to climate change. Nat Rev Earth Environ. 1(8):388–403.
Zhang L, Zhao Y, Hein-Griggs D, Ciborowski JJH. 2018. Projected monthly temperature
changes of the Great Lakes Basin. Environ Res. 167:453–467.

127

Figure 4.1: Mean larval survival (%) for larval cisco (Coregonus artedi) 60-days
post-hatch from Lakes Superior and Ontario incubated at 2.0, 4.4, 6.9, and 8.9°C across
replicate rearing tanks. Error bars indicate standard error. Lake Superior mean survival
estimates are unreplicated and thus do not have error estimates.
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Figure 4.2: Mean absolute growth rates (mm day-1) for larval cisco (Coregonus
artedi) 60-days post-hatch from lakes Superior and Ontario incubated at 2.0, 4.4, 6.9, and
8.9°C. Error bars indicate 95% bootstrapped confidence intervals. Letters indicate
overlap of the observed mean absolute growth rate to the bootstrapped 95% confidence
intervals of all pairwise comparisons.
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Figure 4.3: Critical thermal maxima (CTMax; °C) for larval cisco (Coregonus
artedi) from lakes Superior and Ontario incubated at 2.0, 4.4, and 6.9°C. Error bars
indicate 95% bootstrapped confidence intervals. Letters indicate overlap of the observed
CTMax to the bootstrapped 95% confidence intervals of all pairwise comparisons.
Sample sizes are indicated in parentheses.
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Abstract
Water temperature is a key driver in lakes that experience seasonality in climatic
forcing because it has a fundamental effect on nearly all biological activities. Fishes in
northern latitude lake ecosystems are at risk from climate-induced warming lake water
temperatures because the strong seasonal pattern is degrading and the inability to evade
warming habitats through migration. Consequently, observed responses of lacustrine
fishes to climate-induced changes in thermal conditions include within-lake shifts in
habitat distributions and shifts in phenology of life-history events. We developed
temperature-dependent embryo development models for a group of cold, stenothermic
fishes (Salmonidae Coregoninae) across the Laurentian Great Lakes and Europe to assess
the potential impacts of climate-induced changes in water temperature. We simulated
lakebed water temperatures for each study group and investigated changes in
reproductive phenology across historic (1900-2006) and three future climatic-warming
scenarios (2007-2099). Models predicted that climate-induced increases in water
temperatures are likely to cause delayed spawning, shorter embryo incubation lengths,
and earlier larval hatching. Relative changes increased as climate change scenarios
increased in severity and were higher for lower-latitude populations compared to higherlatitude populations. Our simulations demonstrated that subtle changes in water
temperature can translate into substantial changes in the reproductive phenology of
coregonines among our study groups. We expect that the changes in coregonine
reproductive phenology predicted by our models, in the absence of thermal adaptation,
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will have negative implications for population sustainability throughout the current
century, even under the lowest climate-emission scenario.
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Introduction
Warming lake temperatures worldwide (O’Reilly et al. 2015; Maberly et al. 2020)
is an imminent threat to lacustrine fish (Dahlke et al. 2020). Unlike riverine or marine
fishes, lacustrine fish are largely unable to evade warming habitats. The vulnerability of
populations varies among lakes depending on the magnitude of thermal regime change
and on species and life-stage specific temperature tolerances (Dahlke et al. 2020).
Holarctic fishes are predicted to be at risk because the strong seasonal pattern in
northern latitude lake ecosystems is degrading (Winslow et al. 2017; Sharma et al. 2019;
Maberly et al. 2020; Woolway et al. 2021), and their life history is innately linked to
seasonal climate patterns (Winder & Schindler 2004). Disrupted seasonal patterns have
resulted in positive feedback loops with warmer winter temperatures and shorter periods
of winter ice coverage, earlier and rapid spring water warming, warmer and prolonged
summer growing seasons and stratification periods, and delayed autumn cooling
(Schindler et al. 1990; Sharma et al. 2019; Maberly et al. 2020; Woolway et al. 2021).
These changes in seasonal temperatures and lake mixing have modified lake ecosystem
productivity (O’Reilly et al. 2015; Yankova et al. 2017), which can have large impacts on
ecosystem structure and function (Carpenter et al. 2011; Bhagowati & Ahamad 2019).
Most observed fish responses to climate-induced changes in thermal conditions
are shifts in within-lake habitat distributions (Tunney et al. 2014; Guzzo et al. 2017) and
seasonal timing of life-history events (Parmesan 2006; Farmer et al. 2015; Slesinger et al.
2021; Woods et al. 2021). Spawning adults and embryos are hypothesized to be the most
temperature-sensitive life-stages in fishes based on the concept of limited
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cardiorespiratory capacity and thermal tolerance (Dahlke et al. 2020). Warming waters
will also shorten embryo incubation times resulting in earlier larval hatch dates (Reist et
al. 2006; Karjalainen et al. 2015; Stewart, Mäkinen, et al. 2021). Fish reproductive
strategies have generally evolved to account for seasonal changes in resources and allow
for the most energy-intensive period of the consumer's reproductive phenology to align
with the peak availability of prey resources (Hjort 1914; Cushing 1990; Lowerre-Barbieri
et al. 2011; Lyons et al. 2015). The spatio-temporal synchrony between larval fish and
their prey is believed to be an important driver of interannual variation in fish year-class
strength (Cushing 1990; Nyberg et al. 2001; Straile et al. 2015).
Freshwater whitefish, Salmonidae Coregoninae (hereafter coregonines), is a group
of cold, stenothermic fish species of high economic and ecological importance (Bogue
2001; Nyberg et al. 2001; Lynch et al. 2016). Over the past several decades, coregonine
populations worldwide have experienced population declines and are the focus of
reintroduction, restoration, and conservation efforts in many lakes across the northern
hemisphere (Zimmerman & Krueger 2009; Anneville et al. 2015; Bronte et al. 2017).
Population declines are related to low survival to age-1 (i.e., recruitment; Nyberg et al.
2001; Parks & Rypel 2018). Reasons for declining recruitment are unknown, but climateinduced increases in water temperatures during critical early-life stages is a leading
hypothesis (Nyberg et al. 2001; Jeppesen et al. 2012; Anneville et al. 2015; Karjalainen et
al. 2015).
Coregonines generally spawn near shore in late-autumn; embryos incubate under
winter ice and hatch in spring near ice-out (Karjalainen et al. 2015; Eshenroder et al.
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2016). For autumn-spawning coregonines, the seasonal decrease in water temperature
initiates spawning and winter water temperature is positively related to embryo
development rate and negatively related to incubation duration (Colby & Brooke 1973;
Luczyński & Kirklewska 1984; Karjalainen et al. 2015; Eshenroder et al. 2016; Stewart,
Mäkinen, et al. 2021). Climate change projections suggest that warming lake
temperatures in autumn and winter could alter the timing of spawning and incubation
time, and subsequent hatching time and survival of early-life stage coregonines (Nyberg
et al. 2001; Karjalainen et al. 2015; Karjalainen, Jokinen, et al. 2016; Stewart, Vinson, et
al. 2021a).
To further investigate how warming water temperatures may influence coregonine
embryo development, we modeled the response of coregonine reproductive phenology to
future climatic-warming scenarios for coregonine populations across North America and
Europe. We hypothesized that delays in coregonine spawning, as a consequence of
changes in autumn cooling, result in altered embryo incubation durations (i.e., number of
days between spawning and hatching) and hatching times. Our predictions were that
delayed cooling in autumn water temperature would cause delayed spawning times, with
one of the following subsequent scenarios: (1) higher winter water temperatures,
shortened incubation durations, and earlier hatching times, (2) normal winter water
temperatures with shorter incubation durations and earlier hatching times, or (3) normal
winter water temperatures and incubation durations with delayed hatching times. We
expected coregonine populations that historically spawn at colder temperatures to have
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higher relative changes in reproductive phenology as a result of climate warming
compared to populations that historically spawn at warmer temperatures.
Methods
We developed temperature-dependent embryo development models for eight
coregonine study groups, validated newly fit models with existing in situ observations,
developed lake bottom thermal regimes based on climatic-warming scenarios, and ran
future simulations for study groups with validated models.
Study Locations and Species
Study groups included cisco (Coregonus artedi) from two populations in Lake
Superior [Apostle Islands (USA) and Thunder Bay (Canada)] and one in Lake Ontario
(USA), vendace (C. albula) in Lake Southern Konnevesi (Finland), and European
whitefish (C. lavaretus) in lakes Southern Konnevesi, Constance (Germany), Geneva
(France), and Annecy (France; Table B.1).
Temperature-dependent Embryo Development Model Description
Embryo development rates were expressed as the reciprocal number of days from
fertilization to a given developmental stage (Colby & Brooke 1973; Luczyński &
Kirklewska 1984; Eckmann 1987). The generalized equation relating rate of development
to 50% hatching (

) with respect to incubation temperature (x; °C) is
=

where a, b, and c are polynomial coefficients and the semilog form is
=

+"
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models for cisco from lakes Superior and Ontario and vendace from Lake
Southern Konnevesi were fit with experimental incubation duration data on embryos
incubated at constant water temperatures of ca. 2.0, 4.5, 7.0, and 9.0°C (Stewart,
Mäkinen, et al. 2021; Table 5.1). Additional models were fit for littoral spawning
morphotypes of European whitefish from Lake Geneva using embryo incubation data
(unpublished data, EL and CG). Winter temperatures normally decline to only 5-7°C in
these two lakes, so only two incubation temperatures were evaluated (contemporary at
7.0°C and warmer winters at 9.0°C). Thus, only linear models were fit. The semilog form
(i.e.,

) was fit to obtain model coefficients for each study group using the

mean within-family number of days from fertilization at each incubation temperature.
Furthermore, published

models were used for the littoral and pelagic spawning

morphotypes of European Whitefish (C. lavaretus macrophthalmus and C. lavaretus
wartmanni, respectively) from Lake Constance, vendace from Lake Kosno (Poland), and
cisco from Pickerel Lake (USA; Colby and Brooke, 1973; Eckmann, 1987; Luczyński
and Kirklewska, 1984; Table 5.1). Hereafter,

models we fit to each study group

from experimental data (Stewart, Mäkinen, et al. 2021; unpublished data, EL and CG) are
referred to as population-specific models while

models with published polynomial

coefficients for species outside of our study groups (Colby and Brooke, 1973; Eckmann,
1987; Luczyński and Kirklewska, 1984) are species-specific models.
To predict development time to 50% hatching,

was calculated for each

daily mean temperature since spawning and the antilog10 taken to estimate the daily
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proportion of development. When the cumulative daily proportions of development
equaled one, 50% hatching was assumed to have occurred.
Data Sources
Fishery-dependent spawning data were available for lakes Superior (Apostle
Islands and Thunder Bay) and Annecy (Table B.2). Commercial fishers from lakes
Superior and Annecy used gillnets to target spawning aggregations and recorded date,
sex, maturity, and gonad condition from a subset of their catch (e.g., first 10 fish; Yule et
al. 2008).
Fishery-independent spawning data collected during spawning surveys or
broodstock collections were available for lakes Southern Konnevesi, Geneva, and Ontario
(Table B.2). Spawning adults were collected using gillnets for lakes Southern Konnevesi
and Geneva and trap nets for Lake Ontario at known spawning times and locations.
Spawning adults collected were either assessed for gonad condition (i.e., green, ripe,
spent) if actively spawning or were transported and held in hatchery ponds fed by lake
water until spawning was observed; data provided daily distributions of spawning
intensity. Daily number of ripe spawning individuals was reported for Lake Geneva,
while daily gonad condition was reported for lake Southern Konnevesi and Ontario.
Repeat larval abundance data (i.e., ca. weekly) were gathered for each study
group to estimate dates of hatching (Table B.2). Larval collections were made by either a
seine or plankton net through ice, or along the surface or at a stratified depth when lakes
were ice-free (Perrier et al. 2012; Karjalainen et al. 2019; Lucke et al. 2020; McKenna et
al. 2020). All larvae collections began prior to the start of hatching or with low
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abundance so the date of first capture was assumed to be the start hatch date, except for
the Lake Superior (Apostle Islands) and Lake Geneva study groups. Larvae from Lake
Superior (Apostle Islands) were sampled on fixed dates annually, presumably during or
after peak hatching, and thus the hatch date of individual larvae were back-calculated
from total lengths assuming an absolute growth rate of 0.18 mm day-1 (Oyadomari &
Auer 2007) and a length-at-hatch of 9.9 mm (Stewart, Mäkinen, et al. 2021). No larval
growth data were available to back-calculate hatch dates for Lake Geneva so capture
dates were assumed to be hatch dates.
Daily lakebed winter water temperatures were obtained from deployed
temperature loggers (e.g., HOBO® Water Temperature Pro v2) for lakes Superior
(Apostle Islands), Ontario, Southern Konnevesi, Geneva, and Annecy on known
spawning habitat or depth (Table B.2). Only a single winter (2017-18) of lakebed
temperature data were available from Chaumont Bay, Lake Ontario, and thus we
compared water temperatures from satellite surface water
(https://podaac.jpl.nasa.gov/MEaSUREs-MUR) and U.S. Geological Survey Oswego
River gauge (gauge number 04249000) to the observed lakebed winter water
temperatures from Chaumont Bay in 2017-2018. The Oswego River gauge provided the
closest representation of the lakebed thermal conditions of Chaumont Bay (mean daily
difference = 0.77°C) and was used as the in situ winter water temperatures for the Lake
Ontario study group. Daily lakebed winter water temperatures for Lake Superior
(Thunder Bay) were provided by the City of Thunder Bay Bare Point Water Treatment
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Plant, which measures water temperature at intake pipes submerged 733 m from shore at
13-m depth.
Model Validation
Population-specific

models fit from experimental incubation duration data

(Stewart, Mäkinen, et al. 2021; unpublished data, EL and CG) were tested using in situ
daily lakebed winter water temperatures to compare model outputs (i.e., hatching dates)
to the observed hatching data from eight coregonine study groups across North America
and Europe. Experimental data were not available to fit population-specific models for
lakes Annecy and Superior (Thunder Bay), thus the population-specific model from
closely-related study groups and lakes were. We therefore used our models from Lake
Geneva to Lake Annecy and from Apostle Islands in Lake Superior to Thunder Bay.
Initiation and completion of contemporary spawning was based on observed water
temperatures. Coregonine spawning data to calculate the spawning temperatures were
either 1) the daily proportion of ripe females leading to spawning or 2) the daily number
of spawning individuals on spawning grounds. The onset of spawning was assumed to
start on the date when either >10% of females captured daily were ripe or when the
number of daily spawners was >10% of the total number of spawning individuals
annually. The end of spawning was calculated as the nearest date to the start of spawning
when either <10% of females were ripe or when the number of daily spawners was <10%
of the total number of spawning individuals annually. If the end of spawning period could
not be calculated (e.g., commercial roe fishery ceased once eggs were free flowing), we
assumed the spawning period ended 9 days after the start of spawning (Straile et al.
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2015). The water temperatures from the first and last date of the spawning period were
taken from in situ daily lakebed winter water temperatures and averaged across all years
available to define contemporary start and ending spawning water temperatures. If the
years with spawning data did not overlap the years with water temperature data, the mean
starting and ending days of year for the spawning period were calculated from all years of
available spawning data, and the water temperatures at each mean starting and ending
spawning days of year were averaged across all available water temperature years. For
Lake Constance, where the dominant form of European whitefish spawn in pelagic water
and embryos sink to a depth of 200-250 m (Straile et al. 2007), the spawning start dates
were calculated using published equations from the date that the upper 10-m of the water
column reached 10°C isothermal conditions and spawning was assumed to end after 9
days (Straile et al. 2015).
To validate the models for each study group, the mean spawning date was
estimated from the calculated spawning start and end water temperatures for each year of
available in situ water temperature data. The predicted development time to 50%
hatching was calculated using daily water temperatures, beginning at the mean spawning
date, for each population-specific model.
Mean observed hatching days of year were calculated as a weighted mean with
daily larval abundance as the weight across all years available for each study group
(Figure 5.1). The mean degree-days at hatching from the population-specific models we
fit and the respective species-specific models from literature were compared to the mean
observed degree-days at hatching for each study group (Colby & Brooke 1973;
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Luczyński & Kirklewska 1984; Eckmann 1987). A model was considered validated if the
difference between the model degree-days at hatching and the mean observed degreedays at hatching was within ±50°C, and the closest validated model (i.e., either the
population-specific model or species-specific model) to the mean observed degree-days
at hatching was selected for each study group.
Climate-scenarios
Daily lake bottom water temperatures were simulated within the Inter-Sectoral
Impact Model Intercomparison Project phase 2b (ISIMIP2b) local lake sector
(Warszawski et al. 2014), using the SimStrat v2.1 lake model (Gaudard et al. 2019) for
years 1900-2099. To drive the lake model, EWEMBI bias-corrected (Lange 2019)
climate model projections from ISIMIP2b were used, specifically projections from
GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC5 for historic (1900-2006)
and future periods (2007-2099) under three representative concentration pathways (RCP):
RCP 2.6, 6.0, and 8.5. These pathways included a range of potential future global
radiative forcing with RCP 2.6 the lowest-emission scenario and RCP 8.5 the highestemission scenario (IPCC 2014).
To simulate how warming water temperatures would manifest in each of our
study groups, we used lakes from ISIMIP as case studies. A total of 59 modeled casestudy lakes from ISIMIP were categorized into climate zones following the definitions of
Maberly et al. (2020) and maximum depth zones of 0-10, 10-25, 25-50, and 50+ m.
Water temperatures from case-study lakes were averaged across all four climate model
projections by each date, climate zone, and depth category to provide a simulated daily
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estimate of thermal spawning habitat for each climate zone and lake depth category
combination. Each study group was assigned by climate zone and typical coregonine
spawning depth, and the respective simulated mean daily water temperatures were used
for each study group. Only 19 of the 59 available case-study lakes matched the climate
zone and depth categories of our study groups and were used (Table B.1).
Lakes Geneva and Annecy are deep, peri-alpine lakes where coregonine spawning
occurs in shallow waters (<5 m). The contemporary thermal spawning habitat for these
two lakes were not well represented by the simulated bottom water temperature
scenarios. Lakes Geneva and Annecy were available as modeled case-study lakes through
ISIMIP and thus the lake-specific simulated daily water temperatures at the 5-m depth
stratum were used, instead of the bottom water temperatures (mean maximum depth =
196 m), as the thermal scenarios for these lakes.
Model Simulations
In the model, for each simulated year, spawning began on the first day that the 5day running average of simulated water temperatures dropped below the populationspecific start spawning temperature and ended on the first day that the 5-day running
average of simulated water temperatures dropped below the population-specific end
spawning temperature. Eggs were deposited throughout the defined spawning period
according to the proportional rate of daily water temperature change, where larger daily
decreases in temperature resulted in higher daily spawner abundances, assuming 500
female spawners annually and each female deposited 100 eggs to provide a relative index
of cohort size. If the simulated water temperatures did not decrease sufficiently to end
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spawning, we assumed spawning ended after 20 days. Daily cohorts of deposited eggs
were run through the respective validated

model for each study group, and the

hatch date was estimated. Daily hatch cohort size was determined using embryo survival
estimates from Stewart et al. (2021) and unpublished data (EL and CG). Linear models
were fit to the embryo survival estimates from the incubation temperature treatment range
that the mean simulated incubation temperature was within (Table B.3), and the linear
model predicted the embryo survival estimate for the simulated mean incubation
temperature. The predicted embryo survival percentage was applied to each daily cohort
of spawned embryos to determine the daily number of embryos successfully hatched.
To estimate the magnitude of change in reproductive phenology, we calculated
the incubation duration for each simulated embryo and mean spawning and hatching
dates for each study group across historic (1900-2005) and future periods (2006-2099).
Mean spawning date, incubation duration, and hatch date anomalies were calculated as
deviations from the respective mean trait value during the historical period (1900-2005)
for each study group, future year, and RCP scenario. Linear regressions were fit through
simulated years to trait anomalies for each study group and RCP scenario. The linear
models of the trait anomalies for each RCP scenario were compared using a two-way
analysis of variance within each study group and subsequent Tukey post-hoc test if a
significant difference among slopes was found (ɑ = 0.05).
All simulations and analyses were performed in R version 4.0.5 (R Core Team
2021).
Results
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Our population-specific models were fit, validated, selected for cisco from lakes
Superior (Apostle Islands) and Ontario and vendace from Lake Southern Konnevesi
(Tables 5.1 and 5.2). The species-specific model was validated and selected for European
whitefish from Lake Annecy (Eckmann 1987). No model was validated for cisco from
Lake Superior (Thunder Bay) and European whitefish from lakes Southern Konnevesi
and Geneva, and thus results are not reported for these study groups (Tables 5.2).
Study groups with validated

models displayed variable development rates

among study groups but were similar within species across populations (Figure 5.2).
models for European whitefish from Lake Constance (and applied to Lake Annecy)
had the fastest development rates while models for vendace from Lake Southern
Konnevesi had the slowest embryo development rates. The rate of embryonic
development decreased with increasing latitude (Figure 5.2).
Spawning
Model simulations predicted that spawning will be delayed as climate change
scenarios increase water temperatures for all study groups except Lake Constance
European whitefish (Figures 5.3 and 5.4). The RCP 8.5 scenario resulted in the greatest
deviation from the mean historical spawning time in all study groups (mean increase =
0.36 days year-1). Spawning time of European whitefish from Lake Annecy had the
largest response to increased temperature (1.01 days year-1), and the RCP 6.0 and 8.5
scenarios resulted in skipped spawning years and the complete absence of adequate
thermal habitat required to initiate spawning by 2084 and 2049, respectively (Figure 5.4).
Cisco from lakes Superior and Ontario and vendace from Lake Southern Konnevesi had
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similar delayed spawning responses to increased temperatures within each RCP scenario
(Figure 5.3). Spawning time of European whitefish from Lake Constance responded
similarly among RCP scenarios and had minimal change from historical spawning times
(< 0.07 days year-1; Figure 5.4). All RCP anomaly slope pairwise comparisons were
significantly different for spawning date within each study group (p < 0.05), except for
vendace from Lake Southern Konnevesi between RCP 2.6 and 6.0 (p = 0.060; Figure
5.5).
Incubation Length
Embryo incubation lengths (i.e., number of development days) were predicted to
decrease as a result of increased water temperatures from climate change for all study
groups examined (Figures 5.3 and 5.4). The greatest deviation in incubation length from
the mean historical incubation length was the RCP 8.5 scenario for all study groups
(mean decrease = 0.37 days year-1). Incubation length had similar responses within the
RCP 8.5 scenario to increased temperatures among all study groups, with vendace from
Lake Southern Konnevesi having the greatest response (-0.41 days year-1) and European
whitefish from Lake Constance the smallest response (-0.23 days year-1; Figures 5.3 and
5.4). Furthermore, all study groups responded similarly to increased temperatures within
the RCP 6.0 and 2.6 scenarios (mean = -0.17 and -0.04 days, respectively). All RCP
anomaly slope pairwise comparisons were significant for incubation length within each
study group (p < 0.05; Figure 5.5).
Hatching
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Model simulation outputs for hatching date were variable among study groups
(Figures 5.3 and 5.4). Hatching dates of cisco from Lake Ontario, vendace from Lake
Southern Konnevesi, and European whitefish from Lake Constance were earlier in
response to increased temperatures, while hatching dates of European whitefish from
Lake Annecy were later and did not change for cisco from Lake Superior as water
temperatures increased. The hatching date anomaly slopes among RCP scenarios were
not significantly different for cisco from Lake Superior (p = 0.949). All RCP anomaly
slope pairwise comparisons were significant for vendace from Lake Southern Konnevesi,
while comparisons between RCP 2.6 and 6.0 for Lake Ontario cisco (p = 0.259) and Lake
Constance European whitefish (p = 0.102) and between RCP 6.0 and 8.5 for Lake
Annecy European whitefish (p = 0.147) were not significant. All other comparisons were
significant (p < 0.05; Figure 5.5).
Discussion
Our hypothesis that delays in coregonine spawning, as a consequence of changes
in autumn cooling, would result in altered embryo incubation durations (i.e., number of
days between spawning and hatching) and hatching times was supported for all study
groups. Simulation models predicted that climate-induced increases in water temperatures
will shift reproductive phenology of coregonines causing (1) delayed spawning, (2)
shorter embryo incubation durations, and (3) earlier larval hatching. Relative changes
were higher with more severe climate change scenarios and at lower latitudes where
embryos have higher contemporary incubation water temperatures.
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In our simulations, the timing and number of spawning days were regulated by
when, and in some instances if, water temperatures cooled to provide adequate spawning
conditions. Oocyte development in fish is driven by energy content and is relative to
water temperature during the germ-cell-developing season, and final oocyte maturation is
a prerequisite for successful fertilization (Nagahama & Yamashita 2008; Burt et al. 2011;
Im et al. 2016). Elevated summers and autumn temperatures could place additional
energy demands on adults and require longer feeding periods later into autumn. By
shifting spawning to allow for extended feeding and to align with cooler water
temperatures, coregonines could mitigate the disproportionate energy demand during the
summer when metabolic rates are higher. Spawning at suboptimal water temperatures has
the potential to induce considerable fertilization failure or embryo mortality if gametes
are not adequately mature prior to spawning (Burt et al. 2011). The pre-fertilization
thermal environment can also have intergenerational effects and shape offspring
phenotypes, and thermally stressful spawning conditions can reduce the size and
swimming performance in European whitefish larvae (Kekäläinen et al. 2018). Thus,
delayed spawning could be a more efficient long-term life-history strategy for population
persistence than the time-intensive evolutionary process of adults and embryos adapting
to increased temperatures.
Shifting reproductive timing is a plausible response to warming temperatures.
Contemporary coregonine populations exhibit multiple spawning strategies ranging from
autumn to spring-spawning stocks (Eronen & Lahti 1988; Hénault & Fortin 1991; Schulz
et al. 2006; Ohlberger et al. 2008). Thermal habitat used by high-latitude or deep149

spawning populations could be less affected by climate change and may still provide
adequate thermal spawning and incubation conditions if water temperatures continue to
rise, compared to low-latitude or littoral-spawning populations. For example, Lake
Annecy is near the southern native extent for European whitefish and had the largest shift
in spawning time among our study groups, but adequate thermal spawning temperatures
were absent by the middle of the current century under the worst-case climate scenario.
This projection is likely to be applicable for populations within the same geographic
region that have similar lake morphology and thermal condition where we were not able
to validate a population-specific

model (i.e., Lakes Geneva; Berthon et al. 2013;

Jacquet et al. 2014), and even more dire projections could be expected for non-native
populations south of Lake Annecy [e.g., Lake Garda (Italy); Volta et al. 2018]. However,
these southern European lakes are deep (> 80 m) with stable thermal refugia outside of
the littoral zone (Kelly et al. 2020). Shifting spawning strategies to use deep, thermal
refugias could provide adequate thermal conditions for ovulation to initiate, but whether
suitable coregonine spawning habitat is available and level of oxygen sufficient is
unknown (Jane et al. 2020; Kelly et al. 2020).
A portfolio of spawning strategies across environmental gradients may be key for
future fish population sustainability (Burt et al. 2011; Schindler et al. 2015; Aplet &
McKinley 2017; Thompson et al. 2020). Coregonine spawning stocks which possess high
genetic diversity and phenotypic plasticity in life-history traits may be better suited to use
a wide range of spawning habitats (Karjalainen, Urpanen, et al. 2016; Paufve 2019), and
may contribute differentially to offspring performance and recruitment (Luck et al. 2003;
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Figge 2004). Parental effects can induce variability in phenotypes and provide more
flexibility in offspring to cope with changing inter-annual environmental conditions,
prevent full year-class failure, and ensure population persistence (Wright & Trippel 2009;
Oomen & Hutchings 2015).
Spawning scenarios determined the majority of the changes in reproduction
phenology but embryos are static and unable to evade changes in winter water
temperatures post-spawning (Stockwell et al. 2014). Elevated incubation water
temperatures accelerated embryo rates of development and hatching time in our
simulations and were not negated by delayed spawning. The frequency of shorter,
warmer winters is projected to increase (Sharma et al. 2019), which corresponds with our
simulation results suggesting future incubation durations will decrease across all study
groups. In the absence of changes to spawning behavior or habitat, warmer and shorter
incubations could cause higher coregonine embryo and larvae mortality, increased
occurrence of embryo deformities, and smaller and less robust larvae at hatching
compared to cold, long incubations (Stewart, Mäkinen, et al. 2021; Stewart, Vinson, et al.
2021b). Additionally, reduced ice formation caused by warmer air and water
temperatures could also decrease cisco lengths-at-hatching (Stewart, Vinson, et al.
2021a). A complex mix of environmental factors during embryogenesis can modify the
fitness of larvae and generate high variability in fish year-class strength (Hjort 1914;
Houde 1989b; Marjomäki 2004; Figure 5.6).
Coregonine populations where embryos incubate in cold littoral waters (< 4°C)
are hypothesized to rely on ice-break up and spring warming to trigger final embryo
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development stages and hatching (Karjalainen et al. 2015). The rapid increase in spring
water temperatures also synchronizes other phenological processes such as the onset of
spring plankton blooms (Sommer et al. 2012). Our simulations suggest significant
changes in length of incubation and subsequent hatching times, and changes in thermal
regimes and time of hatching may result in temporal separation between coregonine
larvae and their zooplanktonic prey. Increases in seasonal temperature variability could
also cause mismatches with larval zooplankton prey if temperature changes are not
heterogeneous across seasons (e.g., a cold winter followed by a warm spring; Straile et al.
2015).
The reduction in incubation duration may have a surprising benefit. Incubating
embryos are vulnerable to predation (Stockwell et al. 2014) and warmer winter
temperatures may influence standard metabolic rates of predators (Brett 1979; Brown et
al. 2004). Coregonine embryos provide a lipid- and energy-rich diet item in winter when
lake productivity is low, do not impose gape limitations to most predators, and do not
induce pursuit costs typical of mobile prey. Benthic predators could intensify foraging on
embryo to counteract higher energetic costs associated with increased winter water
temperatures (Shuter et al. 2012). Thus, the decreased incubation duration and higher
embryo development rates could shorten the period of vulnerability to benthic predators.
Fish year-class strength is largely dependent on larvae surviving from hatch
through the first three to six months of life and successfully transitioning from
endogenous to exogenous feeding (Hjort 1914; Houde & Hoyt 1987; Cushing 1990).
Numerous size-dependent processes strongly influence when larvae need to first feed and
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their ability to successfully forage (Miller et al. 1988). Coregonine larval body size at
hatching is inversely related to incubation water temperature, and length-at-hatch and
yolk-sac volume have a negative relationship (Karjalainen et al. 2015; Stewart, Mäkinen,
et al. 2021). Warmer incubations result in coregonine larvae hatching earlier with smaller
lengths and larger yolk-sacs (Stewart, Mäkinen, et al. 2021). Increased yolk-sac energy
reserves at hatching may help larvae reduce starvation risk but the rate of endogenous
feeding (i.e., yolk consumption) is regulated by metabolic demand (Kamler 2008). Earlier
and warmer spring water temperatures in nursery zones, which induce earlier hatching,
could accelerate yolk consumption in newly-hatched larvae and counteract the
physiological trade-off between length-at-hatching and yolk-sac volume. Larvae hatching
earlier in the spring may also have reduced swimming abilities, visual acuity, and more
gape limitations, which can impact their ability to evade predators and forage efficiently
(Miller et al. 1988; Myers et al. 2014). The physiological stress response of hatching
earlier and the impact warming nursery water temperatures may have on yolk conversion
efficiency is a logical and necessary next step to build on our simulation results.
Our models extend earlier approaches (Colby & Brooke 1973; Luczyński &
Kirklewska 1984; Eckmann 1987) by incorporating mechanistic relationships to future
climate-change scenarios from a wider range of populations. Because coregonines are
highly developmentally plastic and exhibit diverse spawning behaviors (Muir et al.
2013), the transferability of published models to other populations appears inappropriate
and likely to not represent population-specific characteristics well. The need for highquality in situ reproductive and embryo development data is critical to fitting and
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validating new populations-specific development models. For example, hatching data for
European whitefish in Lake Geneva was only available for a single year with a limited
sampling period and likely did not capture the start of hatching. This led to development
models underestimating hatching when, in reality, the in situ data likely did not represent
the true hatching period and created a limitation in our modeling efforts. Increasing field
sampling efforts around these critical life stages will benefit future research and climatechange predictability, for both applied- and modeling-based methods.
Our simulations demonstrated that subtle changes in water temperature can
translate into substantial changes in the reproductive phenology of coregonines among
our study groups. Long-term changes in environmental conditions during reproductive
and development periods could play a large role in generating variability in offspring
success (Houde & Hoyt 1987; Little et al. 2020). The results of our modeling efforts
highlight how water temperature is fundamental in regulating biological and
physiological processes, but the impact of these changes is difficult to decipher as
coregonines are behaviorally and developmentally plastic (Muir et al. 2013; Karjalainen
et al. 2015). Quantifying the relationship between water temperature and coregonine
reproductive phenology across a wide range of populations will be a useful tool for
managers to determine what populations may be more susceptible to the consequences of
climate change. We expect that the changes in coregonine reproductive phenology
predicted by our models, in the absence of thermal adaptation, will have negative
implications for population sustainability throughout the current century, even under the
lowest climate-emission scenario.
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Table 5.1: Development rate equations to 50% hatching
for cisco
(Coregonus artedi) from lakes Superior, Ontario, and Pickerel, vendace (C. albula) from
lakes Kosno and Southern Konnevesi, and European whitefish (C. lavaretus) from lakes
models were fit to data for C. artedi
Constance and Geneva. Population-specific
from lakes Superior and Ontario, C. albula and C. lavaretus from Lake S. Konnevesi
(Stewart, Mäkinen, et al. 2021), and C. lavaretus from Lake Geneva (unpublished data,
EL and CG). Species-specific
models were taken for C. artedi from Pickerel Lake
(Colby & Brooke 1973), C. albula from Lake Kosno (Luczyński & Kirklewska 1984),
and C. lavaretus (pelagic and littoral) from Lake Constance (Eckmann 1987). The
coefficient of determination (R2) was provided for models fit in this paper and whether or
not they were validated (see Table 5.2). All coefficients are in common logarithm (log10),
and coefficients from Eckmann (1987) were transformed from natural logarithm.
R

Model Group

Species

Lake Superior

C. artedi

-2.3289 + 0.0717x - 0.0001x2

0.97

Yes

Lake Ontario

C. artedi

-2.3836 + 0.0643x + 0.0008x2

0.98

Yes

C. artedi

2

--

--

2

-2.3035 + 0.0651x + 0.0004x

--

--

Lake S. Konnevesi C. albula

-2.3664 + 0.0088x + 0.0050x2

0.94

Yes

Lake S. Konnevesi C. lavaretus

-2.4183 + 0.0459x + 0.0032x2

0.96

No

Lake Constance

C. lavaretus (littoral)

-2.3002 + 0.1104x - 0.0031x2

--

--

Lake Constance

C. lavaretus (pelagic) -2.2419 + 0.1104x - 0.0033x2

--

--

Lake Geneva

C. lavaretus

0.86

No

Pickerel Lake
Lake Kosno

C. albula

=

-2.4088 + 0.0720x + 0.0011x

-2.1159 + 0.0528x
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2

Validated

Table 5.2: Model validation results for population-specific development to 50%
hatching models (
) for cisco (Coregonus artedi) from lakes Superior (Apostle Island
and Thunder Bay) and Ontario, vendace (C. albula) from Lake Southern Konnevesi, and
European whitefish (C. lavaretus) from lakes Geneva and Annecy. Starting and ending
spawning temperatures (°C) used as model parameters are listed and the model output
(i.e., degree-days at hatching) from population-specific and species-specific models were
compared to in situ hatching data for each study group. N indicates the number of
available years with daily in situ water temperatures and that spawning temperatures were
model for
averaged across. Bolded degree-days at hatching indicates the selected
each study group. Population-specific
models were fit to data for C. artedi from
lakes Superior and Ontario, C. albula and C. lavaretus from Lake S. Konnevesi (Stewart,
Mäkinen, et al. 2021), and C. lavaretus from Lake Geneva (unpublished data, EL and
CG). Species-specific
models were taken for C. artedi from Pickerel Lake (Colby
& Brooke 1973), C. albula from Lake Kosno (Luczyński & Kirklewska 1984), and C.
lavaretus (pelagic and littoral) from Lake Constance (Eckmann 1987).
Spawning
Temperatures Mean Degree-days at Hatching
Species

Start

End

Observed

Pop.
Model

C. artedi

4.3

3.0

250.1

255.7

335.0

3

C. artedi

4.9

4.4

452.3

337.9

405.3

4

Lake Ontario

C. artedi

4.1

2.7

377.5

359.8

344.1

10

Lake S. Konnevesi

C. albula

7.4

5.6

390.7

439.0

269.4

3

Lake S. Konnevesi

C. lavaretus

6.0

4.7

292.5

395.7

200.6

3

Lake Geneva

C. lavaretus

8.0

6.6

663.5

375.9

333.0

12

Lake Annecy

C. lavaretus

6.2

5.9

316.5

349.0

331.0

2

Study Group
Lake Superior
(Apostle Islands)
Lake Superior
(Thunder Bay)

164

Species
Model N
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Figure 5.1: Workflow diagram describing the use of in situ spawning, hatching, and daily lakebed water temperature
data in the model validation process.

Figure 5.2: Predicted daily proportion of embryo development at water
) models for
temperatures (°C) from validated development to 50% hatching (
vendace (Coregonus albula) from Lake Southern Konnevesi, cisco (C. artedi) from lakes
Superior and Ontario, and European whitefish (C. lavaretus) from Lake Constance.
Population-specific
models were fit to data in Stewart, Mäkinen, et al. (2021) for C.
artedi from lakes Superior and Ontario and C. albula from Lake S. Konnevesi. Speciesspecific
models were taken from Eckmann (1987) for C. lavaretus (pelagic and
littoral) from Lake Constance.
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Figure 5.3: Simulation model anomalies (number of days) for spawning date, incubation length, and hatching date for
cisco (Coregonus artedi) from lakes Superior and Ontario and vendace (C. albula) from Lake Southern Konnevesi.
Anomalies were calculated for three representative concentration pathways (RCP) from 2007-2099 compared to the mean
value from the historical period (1900-2006). The rate of simulated incubation temperature (°C) change per decade is
indicated in the top row for each study group and matched to the respective RCP by color. Linear regression equations for
each RCP scenario and the coefficient of determination (R2) was provided

Figure 5.4: Simulation model anomalies (number of days) for spawning date,
incubation length, and hatching date for European whitefish (Coregonus lavaretus) from
lakes Constance and Annecy. Anomalies were calculated for three representative
concentration pathways (RCP) from 2007-2099 compared to the mean value from the
historical period (1900-2006). The rate of simulated incubation temperature (°C) change
per decade is indicated in the top row for each study group and matched to the respective
RCP by color. Linear regression equations for each RCP scenario and the coefficient of
determination (R2) was provided.
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Figure 5.5: Anomaly slopes for spawning date, incubation length, and hatching
date among representative concentration pathway (RCP) scenarios. Study groups
included vendace (Coregonus albula), cisco (C. artedi) from lakes Superior and Ontario,
European whitefish (C. lavaretus) from lakes Constance and Annecy). The p-value from
Tukey post-hoc pairwise comparisons within each study groups is provided if the RCP pvalue from the two-way ANOVA main effect was significant. Error bars indicate 95%
confidence interval. *** < 0.001; ** < 0.01; * = < 0.05; ns = Not Significant (> 0.05)
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Figure 5.6: Theoretical winter incubation periods and responses of embryo
demographics under normal (2.0°C; blue) and hypothetical warm (5.0°C; orange) winter
thermal regimes. The shaded regions indicate spawning periods (left) and hatching
periods (right) that may occur between 4-5°C. The 2.0°C temperature regime is water
temperature data collected from Lake Superior at 10-m depth in 2018.
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Table A.1: Phenotypic variance component analysis for embryo survival (%) from Lake Southern
Konnevesi vendace [LK-Vendace (Coregonus albula)], Lake Superior cisco [LS-Cisco (C. artedi)], and Lake
Ontario cisco (LO-Cisco) across each incubation temperature treatment (°C).
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44.91
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72.92
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Table A.2: Phenotypic variance component analysis for incubation period (number of days postfertilization) from Lake Southern Konnevesi vendace [LK-Vendace (Coregonus albula)], Lake Superior cisco
[LS-Cisco (C. artedi)], and Lake Ontario cisco (LO-Cisco) across each incubation temperature treatment (°C).
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44.85

38.49

31.83

60.55

72.95

60.73

49.11
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76.77
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%

Table A.3: Phenotypic variance component analysis for incubation length (accumulated degree-days) from
Lake Southern Konnevesi vendace [LK-Vendace (Coregonus albula)], Lake Superior cisco [LS-Cisco (C. artedi)], and
Lake Ontario cisco (LO-Cisco) across each incubation temperature treatment (°C).
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Table A.4: Phenotypic variance component analysis for length-at-hatch (mm) from Lake Southern
Konnevesi vendace [LK-Vendace (Coregonus albula)], Lake Superior cisco [LS-Cisco (C. artedi)], and Lake
Ontario cisco (LO-Cisco) across each incubation temperature treatment (°C).
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5.55

2.89

0.0
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0.03
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σ2

%
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Table A.5: Phenotypic variance component analysis for yolk-sac volume (mm3) from Lake Southern
Konnevesi vendace [LK-Vendace (Coregonus albula)], Lake Superior cisco [LS-Cisco (C. artedi)], and Lake
Ontario cisco (LO-Cisco) across each incubation temperature treatment (°C).

APPENDIX B
Table B.1: Years of in situ data used for model validation.
Study Group

Water Temperature

Spawning

Hatching

Lake Superior (Apostle Islands)

2016-18

2016-18

2016-18

Lake Superior (Thunder Bay)

2017-21

2005; 2007-08; 2010 2008-09

Lake Ontario

2012-21

2007; 2017; 2019-20

2004-06

Lake S. Konnevesi

2019-21

2019-21

2019-21

Lake Geneva

2010-2021

2016-19

2016

Lake Annecy

2005-06

2017-18; 2021

2004-07
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Table B.2: Study group and modeled case-study lakes from Inter-Sectoral Impact
Model Intercomparison Project that match study group parameters (the lakes that were
averaged together by category).

Lake Type

Lake Name

Latitude Longitude Climate Zone Depth Bin (m)
Northern
Study Group Geneva
46.37
6.45
0-10
Temperate
Northern
Annecy
45.86
6.17
0-10
Temperate
Northern
Ontario
44.05
-76.20
0-10
Temperate
Superior (Thunder
Northern
48.41
-89.02
10-25
Bay)
Temperate
Superior (Apostle
Northern
46.85
-90.55
10-25
Islands)
Temperate
Southern
62.58
26.58
Northern Cool
0-10
Konnevesi
Northern
Mueggelsee
52.43
13.65
0-10
Temperate
Modeled Case
Study
Northern
Allequash
46.04
-89.62
0-10
Temperate
Northern
Trout Bog
46.04
-89.69
0-10
Temperate
Northern
Crystal Bog
46.01
-89.61
0-10
Temperate
Northern
Wingra
43.05
-89.43
0-10
Temperate
Northern
Esthwaite-Water
54.37
-2.99
10-25
Temperate
Northern
Big Muskellunge
46.02
-89.61
10-25
Temperate
Northern
Sparkling
46.01
-89.7
10-25
Temperate
Northern
Crystal Lake
46.00
-89.61
10-25
Temperate
Northern
Two-Sisters
45.77
-89.53
10-25
Temperate
Northern
Dickie
45.15
-79.09
10-25
Temperate
Northern
Great
44.53
-69.89
10-25
Temperate
202

Northern
Temperate
Northern
Temperate
Northern
Temperate

Fish

43.29

-89.65

Mendota

43.10

-89.41

Delavan

42.61

-88.6

Kuivajarvi

60.47

23.51

Northern Cool

0-10

Vortsjaerv

58.31

26.01

Northern Cool

0-10

NohipaloMustjaerv

57.93

27.34

Northern Cool

0-10

Laramie

40.62

-105.84

Northern Cool

0-10
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10-25
10-25
10-25

Table B.3: Linear regression equations fit to embryo survival (%) between two
temperature treatments for cisco (Coregonus artedi) from lakes Superior and Ontario,
vendace (C. albula) from Lake Southern Konnevesi, and European whitefish (C.
lavaretus) from Lake Constance. Embryo survival at temperature data were taken from
Stewart, Mäkinen, et al. (2021) and unpublished data (EL and CG).

Study Group

Species

Lake Superior C. artedi

Lake Ontario

Lake S.
Konnevesi

Lake
Constance
Lake
Constance

C. artedi

C. albula

C. lavaretus
(pelagic)
C. lavaretus
(littoral)

Source
Stewart et al., 2021

Temperature
Survival Regression
Range (°C)
2.0 - 4.4
y = 0.8418 - 0.0208x
4.4 - 6.9

y = 0.7165 + 0.0077x

6.9 - 8.9

y = 0.8945 - 0.0181x

2.0 - 4.4

y = 0.9945 - 0.0007x

4.4 - 6.9

y = 1.0623 - 0.0160x

6.9 - 8.9

y = 1.7403 - 0.1143x

2.2 - 4.0

y = 0.9346 - 0.0446x

4.0 - 6.9

y = 0.6743 - 0.0205x

6.9 - 8.0

y = 1.6420 - 0.1197x

unpublished data, EL 7.0 - 9.0
and CG
unpublished data, EL 7.0 - 9.0
and CG

y = 2.4507 - 0.2150x

Stewart et al., 2021

Stewart et al., 2021
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y = 3.0107 - 0.2900x

